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Abstract
Abstract
Dielectrophoresis (DEP) is the induced motion of polarizable particles in non- 
uniform electric fields. Used for many years for the manipulation of particles from 
cell-scale to macromolecules. This thesis presents the application of the technique 
for manipulation of DNA, carbon nanotubes and nanowires properties. The DNA 
containing only adenine-thymine (poly AT) bases, and containing only cytosine- 
guanine (poly GC) were analysed using microfabricated electrode structures. Poly 
AT was stained with DAPI and JOJO-1 for poly GC DNA. It was found that there 
were differences between the frequency-dependent DEP behavior of the two 
molecules. When looking at the difference between the two types on crossover 
frequency (the point where DEP changes from attractive to repulsive), it was found 
that they varied by up to a factor of 2. This point to possible insights in the charge 
conduction mechanism in different DNA forms, as well as potential new 
mechanisms for gene separations and sequencing.
Moreover, the research of DEP on nanowires has been carried out to implement a 
novel application o f nanomanipulation. Organic and inorganic nanomaterial have 
been studied intensively using ionic liquids as their medium of conductivity. A DEP 
impedance measurement of the single-walled carbon nanotubes, zinc oxide (nano 
powder) and tin oxide (nano powder) provides a technique for automated collection 
for nanowires. The effects o f DEP manipulation on the Bovine Serum Albumin has 
been successfully demonstrated as a viable technique to assemble nano-sized 
objects.
XVI
Introduction
1 INTRODUCTION
1.1 Background
Nanotechnology involves the understanding, manipulation, and control of matter on 
the nanoscale level. Developing the ability to manipulate matter at the nanoscale 
level has many applications in fields such as biological and medical studies, 
environmental analysis and fabrication of nano electronic devices. Furthermore, all 
these applications influence the process o f placing and patterning particles into 
desired locations; also detecting and sorting them corresponding to their 
characterized properties. With regards to particles that can be manipulated in 
organic and inorganic solvents, it is extremely necessary to build a compatible 
system that can be applied for the entire system.
Since McCarty et al. (Avery, MacLeod, & McCarty, 1944) discovered that DNA 
hold the gene’s information in 1944, and Watson-Crick demonstrated the structure 
o f DNA nine years later (Watson & Crick, 1953), the study of genetics has been 
developed all over the world. Today, the newest and most sophisticated techniques 
to manipulate genes are DNA-based test such as, DNA analysis technologies o f 
Polymerase Chain Reaction (PCR), Selection and Amplification Binding Assays 
(SAAB) and Genetically Modified Organism (GMO) analysis or recombinant DNA.
P a g e  11
Introduction
Moreover, electrostatic manipulation of molecules is one of the techniques that offer 
a number of benefits for nanotechnology and nanomedicines. For example; the 
ability to trap viruses from a sample allows detection o f disease much earlier; the 
ability to trap and sort DNA allows identification and has implications for genetic 
screening; and the ability to sort proteins may have wide-reaching implications for 
proteomics and drug discovery. More importantly, they can be incorporated with 
other techniques and components to achieve different system functionalities. In 
recent decades, optical, thermal, magnetic, ultrasonic and electrical systems have 
been demonstrated for manipulating particles.
In the middle of the electrical systems that can be integrated with biodevices to 
manipulate particles, two approaches are commonly implemented. The first one is 
known as electrophoresis, which is the motion o f charged particles relative to a fluid 
under the influence of a spatial uniform DC electric field (Levine & Neale, 1974). 
The other is known as dielectrophoresis, which utilizes the interaction between self 
polarized particles and non-uniform electric fields to achieve the particle 
manipulation (Pohl, 1978). In this study, it has been focused on the research of 
dielectrophoresis applications.
Dielectrophoresis (DEP) is the motion of a particle due to its polarisation in the 
presence of a non-uniform electric field. This phenomenon has a force applied on a 
dielectric particle when it is exposed to a non-uniform electric field. All particles 
show dielectrophoretic force activity in the presence of electric field. However, the 
strength of the force is dependent on the medium and particles’ electrical properties, 
their geometry as well as the frequency of the electric field (Pohl, 1951).
The DEP technique offers many advantages over other particle manipulations 
techniques. The first advantage is that it can be applied on non-uniform electric field 
to manipulate self-polarized particles. Second, DEP techniques provide the 
flexibility, controllability and ease of application to applied electric fields. 
Therefore, they can be adjusted by tuning the amplitudes, frequencies and phase of
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the electric potentials. Moreover, the application o f manipulating particle on sorting 
and trapping can be employed by controlling the magnitude and direction o f DEP 
forces. Furthermore, DEP biodevice systems are low cost and have rapid 
microfabrication capabilities.
The DEP technique has been extensively used in many DNA-related studies. In 
1990, Washizu et a l began studies on stretching DNA in high intensity AC electric 
fields (Washizu & Kurosawa, 1990). Since Washizu’s pioneering experiments of 
DNA, other groups have demonstrated the successful use of DEP in DNA-related 
studies. Asbury et a l has successfully manipulated DNA by using gold electrode 
(Asbury, Diercks & Engh, 2002; Asbury & Engh, 1998).
1.2 Major works included in this research
In this PhD research programme, the dielectrophoretic properties of DNA 
molecules were studied by microscopy using microelectrode. The bases o f DNA 
have been demonstrated using polynomial micro-tip electrode. The trapping o f 
adenine-thymine (AT) and guanine-cytosine (GC) are rarely reported due to 
difficulties in manipulating the AT and GC DNA base pairs. Such technique can be 
implemented in novel applications including: the crossover frequency (a frequency 
at which the DEP force changes its sign) o f those DNA molecules in which it is 
possible to characterize their electrical properties. To ensure the correct system 
functionalities the simulation of electric fields were performed using the Comsol 
Multiphysics software.
Moreover, another task included in this research programme was concerning the 
properties of nanowires. DEP has been used previously to manipulate a variety of 
nanoscale materials such as silicon nanowire (Wissner-Gross, 2006). This thesis 
demonstrated the manipulation of nanowires in non-aqueous media and real time 
detection of nanowire bridging events. An impedance analyser was used to
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demonstrate that it is possible to estimate the permittivity and conductivity 
characteristic of the nanowires. A series o f experiments aimed at the manipulation 
of nanowires collection on single-walled carbon nanotubes, zinc oxide nano powder 
and tin oxide nano powder. Such features can be implemented as a component of 
configurable electronic and optical devices in solvents.
To perform such tasks, the technology for fabricating microelectrode has been made 
through a standard photolithography in a clean room. The fabrication process is 
done on a glass subtract, and begins with gold/chromium (Au/Cr) vapour 
deposition. The electrode thickness is 120/60 nm, and the characteristic dimension 
defining the planar geometry typically range from 2 to 8 pm, chosen to be 50-100 
times the diameter of the particles to be manipulated by DEP.
The uniqueness of nanomaterials and medium conductivity were comprehensively 
studied under different experimental conditions including input voltages, 
frequencies and electrolyte medium.
1.3 Objectives
The objectives of this thesis were to characterise the ability of DNA to 
support electrical current. Two types of DNAs; lambda phage and poly AT and poly 
GC DNA bases have been chosen for the investigation o f their properties and 
behaviour. The work also attempted to produce the desired DEP spectrum to 
establish the DNA crossover frequency.
Another objective of this research was to characterise nanowires by using DEP 
collection. The Dielectrophoretic Impedance Measurement method utilized the 
positive dielectrophoretic force to capture suspended organic and inorganic 
particles. Moreover, multiple solvents were used to investigate DEP on nonaqueous 
medium of conductivity. The ultimate goal was to determine the measurement o f
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nanomaterials and protein particle by finding their characteristic of permittivity and 
conductivity respectively.
The objectives can be summarised as follows:
• Investigate Lambda, AT and GC DNA using crossover analysis
• Use impedance measurement to investigate;
i) semiconducting and metallic single-walled carbon nanotubes
ii) nanowires of zinc oxide nanopowder and tin oxide nanopowder 
suspended in ionic solvents
iii) dissolved proteins of Bovine Serum Albumin
1.4 Thesis overview
This thesis is organised into five chapters and aims to investigate the 
manipulations of nanoparticles by using dielectrophoresis and its applications 
through device development. The major sections of this thesis are listed below:
Chapter 1 presents the background and objectives of the research.
Chapter 2 provides the theory o f DEP including the literature review especially on 
studies that employed organic and other inorganic nanomaterials. A number of 
mathematical models are used to describe the DEP force and charge migration in 
DNA are presented in this chapter. The applications for DEP systems will also be 
illustrated.
Chapter 3 describes the methods for the biodevice preparation, focusing on the 
fabrication of polynomial micro-tip electrodes and devices as a tool to run the DEP 
experiments. The simulations of DEP force is illustrated at the end o f this chapter.
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Chapter 4 presents the results of the study and discussion of the organic and 
inorganic nanomaterials with the aid o f MATLAB modelling.
Finally, Chapter 5 summarises the conclusions and includes a subsection on future 
work that needs to be undertaken. An appendix contains the MATLAB 
programming code used in this thesis.
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2 THEORY AND LITERATURE 
REVIEW
2.1 Introduction
In this review, a comprehensive summary for the configuration o f DEP systems that 
have been applied in nanoparticles manipulation are demonstrated with details o f 
the concept to implement these systems. In this context, the development o f DEP 
manipulation is presented based on specifications that consider the manipulation of 
organic and inorganic particles.
In this chapter, the hypothesis of dielectrophoresis and literature review based on 
recent studies will be discussed. The equations o f DEP forces are determined from 
the vector calculations o f a dipole moment induced in a non-uniform electric field. 
The most important elements in dielectrophoresis; DEP spectrum and crossover 
frequency are presented along with examples o f their calculation.
In this literature review, DEP nanomanipulation o f organic (DNA and protein) and 
inorganic particle (Single-Walled Carbon Nanotubes, Zinc Oxide and Tin Oxide) 
are reviewed. Their properties and behaviour of application for the DEP 
manipulation are described in detail respectively.
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2.2 Nanotechnology
Nanotechnology is the ability to measure, design, and manipulate at the atomic and 
molecular levels in the range of about 1 to 100 nm. That means, the order to 
interpret, to design, to develop material structures, devices and system with 
fundamentally new properties and functions attributable to their small structures 
(Bhushan, 2010). The initial concept of investigating materials and biological 
systems at the nanoscale dates to more than 50 years ago. Richard Feynman stated 
that about 100 atoms can store a bit of information, and all books written can be 
stored in a cube with sides of 0.02 m in length (Feynman, 1960).
At present, a range of nanoparticles are currently being manipulated for their 
application to life sciences, including nonbiological nanoparticles such as carbon 
nanotubes and graphene. However, this study will concentrate on using specific 
types of organic and inorganic nanoparticles. In 1995, Washizu discovered that 
DNA molecules may be manipulated by using DEP and since then they have been 
studied extensively with regards to their application in electronics and biology. 
DNA is a unique material that exists in humans and almost all living organisms. 
DNA molecules have a width of about 2.6 nm and have specific physical, electronic 
and chemical properties.
Nanotechnology comprises the manufacture and application of physical, chemical 
and biological system at scales spanning from individual atoms or molecules to 
submicron dimensions, including the integration o f the resulting nanostructures into 
larger systems. Nanotechnology is proving to have a profound impact on our 
economy and society in the early century, equivalent to that of semiconductor 
technologies, or cellular and molecular biology. Science and technology promises 
developments in areas such as materials and manufacturing, nanoelectronics, 
medicine and healthcare, energy, biotechnology, information technology, and 
national security. It is widely anticipated that the future impact o f nanotechnology 
on economic growth and improve human life.
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2.3 Principle of Dielectrophoresis
In order to understand dielectrophoresis (DEP), consider a dielectric particle 
suspended in an AC electric field, polarized charges are induced on its surface, 
which produces electric dipoles. The magnitude and direction of the induced dipole 
depends on the frequency and magnitude of the applied field, morphology of 
particles, and the dielectric properties o f particles and medium. The interaction 
between the induced dipole and the electric field produces a translational o f force 
affecting the particle, which depends on both magnitude and phase of the electric 
field (Pohl, 1978).
When an external electric field is applied across a particle suspended in conducting 
medium, both of particles and the suspending medium are polarized. The result is 
net unpaired surface charges accumulated at the interface between the particle and 
the conducting medium. These surface charges generate a second electric field and 
distort the original electric field. A typical resulting electric field is shown in Figure 
2-1. The amount of charges at the interface depends on the field strength and the 
electrical properties of the particle and the suspending medium. The key electrical 
properties involved are conductivity and permittivity, where conductivity is a 
measure of the ease with which charges can move through a material, while 
permittivity is a measure of the energy storage or charge accumulation in a system 
(Morgan & Green, 2003).
Positive dielectrophoresis effect occurs when the nonuniform nature of the electric 
field, force is greater on the side facing the point electrode. If the particle is less 
polarisable than the surface medium, the dipole will align to the field and the 
particles will be repulsed from the high-field gradients. This is known as negative 
dielectrophoresis.
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Net force
Figure 2-1; Electrical forces acting as dielectrophoresis when a particle induced on the charge on eaeh 
half of the dipole in an electric field of non-uniform magnitude (Hughes, 2003)
2.4 Dielectrophoretic Forces
When a dipole is induced within a particle by inhomogeneous electric field, the net 
DEP force on the particle is given by (Pethig & Markx, 1997; Pohl, 1978):
(2-1)
where m(t) and E(t) are the time dependent dipole and electric field, respectively. 
In an AC electric field E(t) is a harmonic function of time presented by;
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E  (0 =  Ex  (0 ax + E y (0 ay  +  Ez  (0 ay , (2-2)
where, ax, ay and a^ are unit vectors, Ex, Ey, E^ are the electric field components in 
the %, y  and z directions. Along the %-axis:
Ex (t) = Exo (x, y, z) cos [cot +  tpx (x, y, z)], (2-3)
where, co is angular frequency of the electric field, Exo and (px are the magnitude 
and phase components o f the electric field along x direction respectively. The field 
components Ey (t) and E^ (t) have the same form as Ex (t) with subscript % being 
replaced byy; and z respectively.
The dipole moment m (t) can be described as:
m (t) = rux (t) Qx+my (t) üy+rriz (t) , (2-4)
where nix (t),my (t),mà (t) are the components o f the dipole moment through %, y  
and z respectively. At the %-axis:
m^c (t) = 2 r  e„ [Re (feu )  cos (cos w t + q>^)
-  Im ( / cm ) sin ( m t  + (pj] E ^  (2-5)
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where, F  is the geometric factor of the particles, 8m is the dielectric constant of the 
suspending medium, and fcM  is the Clausius-Mossotti factor. The terms Re ( / c m )  
and \m(fcM) refer to the real and imaginary parts of fe u  the dipole components ruy 
(t) with subscript % being replaced byy;, and z.
The time dependent DEP force calculated referred to Equation 2-6 can be resolved 
into its three orthogonal components (Ronald Pethig & Markx, 1997; Pohl, 1978):
F  (t) = Fx (t) ÜX +  Fy (t) üy +  F^ (t) a , (2-6)
where the Fx (t) component can be shown as:
F x i t )  =  +  m y { t )  +  m ^ ( t )  (2-7)
Again, the force components Fy(t) and Fz(t) have the same form with appropriate 
subscripts. Averaging Equation 2-7 over a time period which is much longer than 
the electric field period, {Fx) is given by (Ronald Pethig & Markx, 1997; Pohl, 
1978):
(F,) = V . s , , [ R e  i f  cm)
(2-8)
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Subsequently, using similar procedures, the same expressions for the force 
components along y  and z directions can be achieved. The complete time-averaged 
DEP force can be found by summing all three force components:
=  Ae (Jcm)  V ( +  £ |o )
+ lTn (Jcm) {  Exo ^  <Px +  ^yo ^  <py +  E lo  V  %  ) ]  (2-9)
So, the DEP force of time-averaged can be simplified further into (Dimaki & 
Boggild, 2004; Pohl, 1978):
( F d e p )  = f  r . [fie J c m ) ]  V ( E") (2-10)
The dielectric constants or relative static permittivity o f a material under given 
conditions is a measure of the extent of electrostatic lines of flux. Therefore, the 
DEP force acting on a dielectric sphere of radius r  in a medium of permittivity Sm is 
given by Equation 2-11 :
Fdep =  2 n s-  ^Re [K(o))] VE  ^ (2-11)
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where r is the radius of the cell, £m is the medium of permittivity. Re is the
real part of the Clausius-Mossotti factor and VE^ is the gradient o f the applied 
electric field. The Clausius-Mossotti factor is given by Equation 2-12:
S  p  +  2 e  ^
where p  and m are subscripts indicating particle and medium, respectively. The 
complex permittivity is given by Equation 2-13:
£* =  £ - ; ( E )  (2-13)
where s is permittivity, u is the electric conductivity, co is the angular frequency = 
27tf and j  = V ^ .  Here, the permittivity and conductivity of the particle can be 
derived from cell motion as a function o f frequency.
The characteristics of dielectrophoresis can be influenced by the direction o f the 
DEP force. In a dielectric medium, the orientation of the DEP force is determined 
by the polarizability of the particle, which relies on the permittivities o f the particle 
and the suspending medium. This action is described by the Clausius Mossotti 
factor ( / c m ) ;  when the feu  is positive, a positive DEP force is generated. 
Furthermore, when the /cm is negative, a negative DEP force is induced. As /cm  is a 
complex function of permittivities, conductivities and frequency o f the applied field, 
a particle can experience both positive and negative DEP forces at different 
combinations of the above variables (Hughes, 2002). Moreover,/cm depends on the 
dielectric properties of particles and medium conductivities together with the 
geometry o f particles. For a long cylindrical object (such as SWNT) with the long
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axis aligned with the field,/c M -c y iin d r k a i  is given by (2-14) (Dimaki & Boggild, 2004; 
Gascoyne & Vykoukal, 2002). The dielectrophoretic force on a spherical object is 
referred to equation as the Claussius-Mossotti factor. For a spherical particle,/ c m -  
sphericai is giveu by (2-15) (Dimaki & Boggild, 2004; Gascoyne & Vykoukal, 2002).
f c M - c y l i n d r i c a l
_ S p - £ m (2-14)
f c M -
£ 7-,- e
(2-15)
Where and Sp* are the complex permittivity of suspending medium and 
particles.
Frequency
(Hz) Medium
Conductivity
(m Sm )
Figure 2-2: H ie  graphs show ing polarisability as a function o f both frequency and conductivity o f  the 
suspending medium (black line), w here (a) Re |A'(o))| = 0 form a distinct shape (Hughes, 2003)
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The polarisability of particle as a function o f frequency and conductivity for a range 
o f suspending medium conductivities is plotted in Figure 2-2. The dielectric 
properties of the nanoparticle can then be determined based on its polarisability 
measurements (Hughes, 2003).
2.5 DEP Spectrum and Crossover Frequency
To investigate the DEP force dependence on the Clausius-Mossotti factor, /cm at 
different electric field frequencies, the terminology of DEP spectrum and crossover 
frequency are used. The DEP spectrum represents the variations o f the /cm at 
different frequencies while the crossover frequency refers to the frequency at which 
/c m  becomes zero (Re [K (cu)] = 0).
Equation 2-14 and 2-15 referred to a series o f calculations to illustrate the influence 
of change in the conductivities of the particles (Type-A and Type-B) and the 
medium on both the DEP spectrum and crossover frequency.
Consider the following examples as two types of particles and media for 
comparison purposes; particle Type-A with a conductivity o f Op = 1 mS/m (typical 
value for polymer latex particles when suspended in deionised water) and particles 
Type-B with ten times lower conductivity of Op = 0.1 mS/m. Assuming also 
medium Type-A with a conductivity of o ^  = 1 mS/m (close to the conductivity of 
deionised water) and medium conductivity type-B with a hundred-time lower 
conductivity of o ^  = 0.01 mS/m. The relative permittivity o f media was assumed to 
be 100 (close to water relative permittivity -80), approximately.
Two parts o f calculations were carried out. Part 1 ; for particle Type-A and Type-B 
both are suspended in media Type-B. Part 2: for particles Type-A which are 
suspended in media Type-A and Type-B. The values of the / cm (real and imaginary 
parts) were determined for frequencies in a range from 1 kHz to 100 MHz as shown 
in Figure 2-3 (Zhang, et al., 2010).
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Figure 2-3 (A): CM factor versus frequency for specific particle Type-A o f medium conductivities. (B): 
CM factor versus frequency for specific medium conductivities o f particle Type-B (Zhang, et al., 2010)
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As shown in Figure 2-3(A) (part one), the variation of DEP spectrum can be 
observed clearly when the conductivity of particle is shifting. Moreover, the 
conductivity rises from 0.1 mS/m to 1 mS/m, when the crossover frequency of the 
system moves to higher frequencies. Accordingly, the crossover frequency can be 
tuned by adjusting the particle conductivity.
2.6 DEP Manipulation of Organic Particles
Organic particles such as DNA fragments, proteins and viruses are the great 
motivation for researchers in biological, medical and biochemical studies. The 
application of DEP techniques allows effective and precise manipulations of sueh 
particles.
2.6.1 B rief Background on Nucleic Acids
There are two kinds of nucleic acids, deoxyribonucleic acid (DNA) and ribonucleic 
acid (RNA), which are different from eaeh other in chemical structure and 
formation. In eells, DNA acts as the storehouse for genetic codes, and these genetie 
codes usually proceeds from DNA through RNA to proteins (Watson & Berry, 
2004).
In the past few decades, the study and manipulation of DNA became the most 
popular in bio-material research. As the DNA has very unique structures and 
properties, a lot of application in the development of bio-devices ean be 
manipulated. Moreover, DNA fragments were applied for deeoding gene executions 
with micro-array and can be used as selective layers in protein detection (Kalantar- 
zadeh, 2007). By using DNA methods, DNA ean be sorted, separated and trapped
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for different applieations including the accumulating, dividing and degradation of 
DNA segments aceording to their size.
DNA is a type o f nucleic acid and is o f fundamental importance to life, with DNA 
being the molecule of inheritance and ribonucleic acid, (RNA) translates the genetie 
code into proteins and enzymes in the cell. The chemistry and biology o f nucleie 
acids have been studied extensively, ineluding a eomplete review by Albert et al. 
(Alberts, et al., 2002). In a biological context, DNA has two important functions; to 
direct its own replication during cell division and to direct the transeription of 
eomplementary molecules of RNA. RNA has many functions, including: (I) being a 
transcript o f DNA in the form of single stranded messenger (m)RNA that is 
translated into proteins; (2) forming ribosomes, (composed of two-thirds o f RNA 
and a third of protein) that translate (m)RNA into proteins; (3) transfer (t)RNA that 
delivers amino acids to the ribosomes; (4) forming ribonucleoproteins, which are 
part RNA and part protein that participate in the post-transcriptional processing of 
other RNAs.
Nucleie acids are mainly linear polymers o f nucleotides with phosphate group that 
bridges the 3’ and 5’ positions of successive sugar phosphates, where the 3’ and 5’ 
positions refer to the particular position o f the C atoms in the sugar phosphate. The 
difference between RNA and DNA is that RNA has hydroxyl (-0H) group on the 2 ’ 
sugar while in DNA it is replaced with hydrogen (-H) groups. This is one reason 
why RNA is more ehemieally unstable than DNA, as RNA is more suseeptible to 
base-catalysed hydrolysis. Another difference is that in DNA, the nucleotide 
thymine replaces uracil found in RNA. Figure 2-4 shows the building bloek of 
DNA.
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Figure 2-4: Building blocks o f DNA (Alberts, et al., 2002)
The discovery of the helical nature of DNA in 1953 by Watson and Crick is 
considered to be the beginning of modern molecular biology. Their inspiration 
sprang from x-ray diffraction images taken by Rosalind Franklin, which showed 
that DNA was a helical molecule with its planar aromatic bases forming a stack of 
parallel rings that are nearly perpendicular to the native form o f DNA found in 
living organism (Watson & Crick, 1953). Here, the helix is right handed and the 
base pairs are slightly tilted with respect to the axis. The base pairs are separated by 
a distance of about 0.34 nm and there are 10 base pairs on each turn of the helix 
(major and minor grooves). The two strands are antiparallel and cannot be separated 
without unwinding the helix. The hydrophobic bases occupy the core of the helix 
and the hydrophilic sugar-phosphate chains are coiled about the periphery, thereby 
minimising the repulsion between charged phosphate groups. Each base is hydrogen 
bonded to a base on the opposite strand to form a planar base pair. However, 
complementary base pairing is more stable between specific bases, so that G 
(guanine), pairs C (cytosine) and A (adenine) with T (thymine) through the middle 
of the helix, the bases vr-stack with eaeh other. Stacked systems are found for
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consecutive base pairs in DNA. This phenomenon has lead to intense interest in 
whether DNA can conduct electricity by allowing electrons to move freely through 
the 7E-stacked bases (noncovalent interactions between aromatic ring) (Mignon, et 
al., 2005). Figure 2-5 shows hydrogen bond in DNA molecules.
Hydrogen bond
H H /  H Adenine
Thymire H— w N —  H   •
-cr 
°
Deoxyribose
^  Güarine
«  \\ h \  I
Cytassne H— C  . . . . . . . . .  h —  / ' ^  '
0 ..............H —N
Deoxyribose' ^
Figure 2-5: Hydrogen bond in DNA molecules (Alberts, et al., 2002)
Since Washizu and Kurosawa first described DNA positioning by using a DEP 
trapping technique in 1990 (Bakewell & Morgan, 2006), DEP trapping and 
positioning has extensively been studied (Asbury, et al., 2002; Bakewell & Morgan, 
2006; Germishuizen, et al., 2003). In 2002, the DEP trapping of DNA was 
successfully demonstrated by Chou et al. (Chou & Zenhausern, 2003) through an 
electrodeless system (insulating substrate method). As no metallic substrate with 
interelectrode spacing of 20 pm, water electrolysis was avoided at low frequencies 
and the DNA structures were not damaged while conducting the trapping
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experiment. In 2003, Germishuizen et al. (Germishuizen, et al., 2003) demonstrated 
a surface immobilization procedure to allow the controlled connection of a very 
long DNA molecules onto gold electrodes by using DEP, as illustrated in 
Figure 2-6.
Figure 2-6: Fluorescence image o f Lambda DNA molecules attached on electrodes using the DNA 
trapping (Germishuizen, et al., 2003)
In 2006, Tuukkanen et al. have demonstrated DNA molecules trapping by using 
carbon nanotubes as the electrode. In such system, relatively low applied voltages 
are able to generate high field gradients. This is because of the field enhancement at 
the very tiny and fine tips of the carbon nanotubes structures as shown in 
Figure 2-7. (Tuukkanen, et al., 2006).
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Figure 2-7: DEP of 145 bp dsDNA using CNT as an electrode, (a) and (b) are SEM images of the CNT 
electrode samples and (c) and (d) are corresponding fluorescence images taken during the DEP,using the 
shown frequency and voltage. The gap sizes are in (a) 115 nm and in (b) 350 nm (Tuukkanen, et al., 2006)
2.6.2 Nucleic Acids Conductivity
DNA plays a role in biology as carrier of genetic information in all living species. 
Since James Watson and Francis Crick discovered the double helix structure of 
DNA in 1953, Daniel Eley and Spivey were among the first researchers to measure 
the electrical conductivity of DNA. In 1962, they reported the measurement of 
conductivity of organic on DNA pellets in a pressure cell, where they contacted the 
pellets with platinum electrodes in vacuum (Eley & Spivey, 1962).
A technique using optical cavity has also been used to measure the intrinsic 
conductivity of DNA. Vollmer et a l demonstrated that by using spectroscopic 
technique for high-sensitivity was able to measure nucleic acids. (Vollmer, et al,. 
2003). Optical cavity technique uses configurations that does not require any 
contacts to the sample, previously employed by Tran et al. (Tran, Alavi, & Gruner,
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2000). The quality factor changed is inversely proportional to the energy loss 
(kinetic energy), occurring during the sample insertion into the optical resonator. 
There is a relation between energy loss and the real part o f the conductivity for 
randomly oriented DNA strands placed in uniform electric fields (Porath, Lapidot, 
& Gomez-Herrero, 2005). Maleev et al. suggested that the permittivity around the 
DNA molecules as a function of distance from the centre of the molecules in radius 
1.3nmis77£o.
2.6.2.1 Nucleic Acids as an Insulator
DNA single molecule as an insulator has been demonstrated by Braun et al. in 1998. 
They reported a potential insulating behaviour of lambda DNA (1-DNA) by using 
silver nanowire. Their experiments consisted of stretching 1-DNA between two gold 
electrodes. Then, a 1-DNA complementary oligonucleotides at two separated 
microelectrode were added to create a DNA bridge. The bridge was used to grow 
silver nanowire through the DNA surface. The results from electrical current 
voltage measurement, before silver aggregation, showed the DNA insulating 
behaviour with resistance higher than 1 x lo^^ Q (Braun, et al., 1998).
More recently, in 2006, Legrand et al. studied the electrical conductivity o f DNA in 
aqueous medium. The DNA molecules were manipulated by stretching DNA for 
deposition across gold electrodes. Under their experimental conditions, the DNA 
molecules to be an insulator in aqueous environment, the resistance was more than 
1 X 10^  ^ n  at 70 nm gap of gold electrodes (Legrand, Côte, & Bockelmann, 2006).
2.6.2.2 Nucleic Acids as a Sem iconductor
In 2008, Roy et al. measured the conductivity o f double-stranded DNA by using 
Single-Walled Carbon Nanotube (SWNT) electrodes. According to their current- 
voltage measurement characteristics for an 80 bp double-stranded DNA, the 
resistance was in the range of 25 - 40 x 10  ^ under vacuum condition and 43%
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relative humidity (RH) indicated semiconducting properties (Roy, et al., 2008). Fink 
and Sehonenberger suggested that the resistivity values derived from a few 
molecules of l-DNA (~2 nm long and double-stranded) is 1 mQ cm'^ and their 
resistance shows 2.5 x lO^D.
Yoo et al. measured electrical conduction in poly AT and poly GC molecules with 
average length of 1.7-2.9 pm and 0.5-1.5 pm, respectively. Furthermore, Au and Ti 
electrodes were fabricated by eleetron-beam lithography on Si and SiO] substrate 
with 20 nm gap. Therefore, from gate measurements, they concluded that poly AT 
behaves as a n-type semiconductor, which was zero at gate, and poly GC as a p-type 
semiconductor, as schematically depicted in Figure 2-8 below (Yoo, et al., 2001):
I I I I I I I I I
poly(dG)
source
-1.5 -1.0 -0.5 0.0 0.5 1.0 U5
V(V)
Figure 2-8: Schematic diagram of gate voltage representation poly AT act as n-type semiconductor and 
poly GC act as p-type semiconductor (Yoo, et al., 2001)
Moreover, a similar study employing two types of electrodes was conducted by 
Porath et al. in 2000 that made measurements on poly GC with 10 nm lengths. They 
obtained a large-band gap semiconducting behaviour in air and in vacuum down to 
cryogenic temperature, with a current of around 1 nA at 4 V (Porath, et al., 2000).
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In addition, Storm et al. a year later used larger distances (40 to 500 nm) and 
reported a minimum device resistance value of 10 TÜ, with a resolution current 
below 1 pA for bias voltage o f up to 10 V. The device consisted of one DNA 
molecule on SiO] surface and different electrode materials (platinum or gold). 
Different types of DNA have also been tested: poly GC or DNA modified with 
sulfur group to enhance the bonding with the electrodes (Storm, et al., 2001).
2.6.2.3 Nucleic Acids as a Conductor
Many researchers have demonstrated the ability of DNA to conduct charges by 
using different approaches. Fink et al. demonstrated direct measurement o f current- 
voltage across DNA molecules associated into single ropes of 600 nm in length and 
had a resistance of about 2.5 MQ. They successfully showed the effectiveness of 
DNA conductivity through ropes. More than that, they concluded DNA molecules 
should be considered as potential one-dimensional quantum wires for microscopic 
electronic devices (Fink & Sehonenberger, 1999).
In 2001, Kasumov et al. reported transport experiments on DNA molecules between 
rhenium and carbon metallic electrodes. Their assembly for conduction 
measurements consisted of double-stranded DNA molecules, showing that an ohmic 
conductive behaviour between room temperature and 1 kelvin. The resistance per 
molecule was less than 1 x 10  ^ Q and varied weakly with temperature. DNA 
molecules were conducting with low-resistanee in contact with the electrodes.
2.6.3 Theoretical M odel for Orientation o f Rod-Like M olecules
Washizu et al. described DNA molecules as high aspect ratio prolate ellipsoids in 
rotational symmetry modelling, where a is the longer axis and b is the short axis of
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the prolate ellipsoid. The i direction o f pi is an effective dipole moment, where i is 
either a or b, is given by (Suzuki, et al., 1998):
P i = 4 n ^  a b ^S m K iE i (2-19)
where Ei is the i component of electric field and
Therefore, £p * and Sm * are the complex permittivity o f the particle, and providing 
the solution as
~  ^  (2-21)
and
^  (2-22)
where Sp and Sm are particle and medium permittivitiy, Op and (Tp are the 
conductivities of the particles and the medium, co is the angular frequency o f the 
applied field. An ellipsoid with rotational symmetry is substituted by Li in (Equation 
2-20) as:
^  (Y “ 2®} (2-23)
Ljj =  -  (1  — La) (2-24)
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Here, e is the eccentricity o f the ellipsoid given by:
e =  J l -  r  (2-25)
An ellipsoid used for MATLAB modelling to determine their size o f molecules.
2.6.4 Cell and Its Organelles
A cell is the smallest struetural and functional unit of all known living organisms 
(Alberts, et al., 2002). Cell manipulations are generally used in biology and 
biochemical applications for the transportation, sorting and positioning o f cells. 
Moreover, cell manipulations are extremely important on the study o f blood cells 
since the blood cells can be manipulated within microfluidic systems to simulate 
their real behaviour such as the blood aggregation (Nesbitt, et al., 1955).
DEP teehniques offer important tools in medical applications. For example, DEP 
separating technique; Becker et a l  separating cancer and healthy cells (Becker et 
al., 1995) and Morgan et a l characterised and separated herpes simplex virus 
particles (Morgan, Hughes, & Green, 1999). Hoettges et al. successfully faeilitated 
a label-free o f saecharomyces cerevisiae cells for drug assessment (Hoettges, et al., 
2008) and Labeed et a l used DEP to diagnose oral caneer (Labeed, et al., 2007). 
Moreover, Huang et al. explored cell organelles by characterizing the c}4oplasm and 
mitochondria (Huang, et al., 1995).
Pohl et al. in 1966, was the first to demonstrate the DEP separation o f live and dead 
cells within a stationary system (Pohl & Hawk, 1966). Since then, a lot of research 
has been conducted to fabricate a DEP system to accomplish more functionality, 
efficiency and accuracy.
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DEP techniques are also extensively used for trapping (Holzel, et ah, 2005; 
Kumemura, et ah, 2011), concentrating (Fatoyinbo, et ah, 2007) and patterning 
(Albrecht, et ah, 2007) molecules within the microfluidie system. DEP trapping can 
also be applied for developing operational device in biomedical or biological 
research. Hunt et al. (Hunt & Westervelt, 2006) have developed DEP manipulation 
o f tweezers of single cells. Saecharomyces cerevisiae cells used were capable of 
trapping a cell using dielectrophoretic force. In addition, Jang et al. have developed 
a single cell (HeLa) trapping deviee using micro well electrode configuration (Jang, 
Huang, & Lan, 2009).
2.6.5 Protein
A protein is a natural polymer, made up o f amino acids joined by peptide bonds. 
They carry out processes within cells which are essential for any living organism 
(Voet, Voet, & Pratt, 2006). Proteins can be used in applications such as tissue 
engineering, development of complex assembly o f nanostructures and specific 
proteins are often markers for disease (Hughes, 2003).
In many medical and biochemical applications such as development o f the vaccines, 
proteins must be purified away from other cellular components. With the 
advancement of DEP manipulation techniques, proteins can be definitely 
manipulated.
Moreover, Washizu et al. were one of the first groups to demonstrate the DEP o f 
proteins within the microfluidic systems. In their work, avidin molecules in solution 
were separated from mixed suspension (Washizu, et al., 1994). In 2003, Asokan et 
al. demonstrated the two dimensional manipulation of proteins by using a DEP 
trapping teehnique; quadrupole electrodes were used to control the separation of 
protein structure aetin with 8 nm/ 42 kDA from polystyrene bead of 500 nm size as 
illustrated in Figure 2-9 (Asokan, et al., 2003)
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Figure 2-9: Fluorescence image o f protein molecules attracted (green fluorescence) at positive DEP and 
beads (red fluorescence) at negative DEP (Asokan, et al., 2003)
2.7  D E P  M an ip u la tion  o f  In organ ic  P articles
2.7.1 Introduction
Scientific work on nanomaterials started over 100 years ago. A British chemist 
Thomson Graham invented the term known as ‘colloid’ to describe a solution that 
had capacity for nanometer particles in suspension. Then, this discovery was 
expanded by famous scientists such as Einstein, Maxwell and Rayleigh to do more 
research on colloidal systems (Guth, 1945). After the electron microscope was 
invented in 1930, Miyake et al. investigated the electron diffraction of fine particles 
(Miyake & Uyeda, 1950).
Semiconductor materials are the foundation of modern electronics. Their 
fundamental element properties, functional devices and system can be exploited in
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the realm of nanotechnology. Nanostructured semiconducting materials such as 
silicon, metal oxide, and sulphide nanoparticles including carbon nanotubes have 
been widely used in the advancement of micro and nano electronic and optical 
devices. Dielectrophoresis can be effectively applied to nanoparticles for 
configurations and fabrication of these devices.
2.7.2 DEP Assem bling o f Nanowire
Dielectrophoretically assembled nanostructures with suitable configuration and 
design o f electrodes can be used to produce electronic devices sueh as, chemical and 
photo sensors (Suehiro, et al., 2006a; Suehiro, et al., 2006b) and field effect 
transistor (Peng, et al., 2008).
As illustrated in Figure 2-10, cylinder object particles such as carbon nanotube or 
nanowires can be assembled by using two electrodes providing electric potentials. 
Since the magnitude of gradient o f the applied electric field is non-uniform above 
the electrode, positive DEP forces can be developed for manipulating the 
nanostructures that are suspended above the substrate. As nanostructures are trapped 
by the electrodes due to the magnitude, the nanostructures act as a bridge in between 
electrodes to allow conduction. Assuming that, the materials o f nanowires are 
suitable for electronic and optical applications, the system can be applied for 
devices and optical purposes (Dimaki & Boggild, 2004).
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Figure 2-10: Image of cylinder geometry particles experiences a net force from the AC fields. The positive 
DEP is acting as the force directed towards the high field region (down) (Dimaki & Boggild, 2004)
2.7.3 Single-W alled Carbon Nanotubes
Since lijima discovered Carbon nanotubes (CNTs) in 1991, Smalley et al. in 1995 
made important progress by synthesizing single-walled carbon nanotubes (SWNTs) 
in large amounts. The geometry of SWNT can be described as one layer of graphite 
rolled in a seamless cylinder with a typieal diameter of 1-2 nm as illustrated in 
Figure 2-11. Multi-walled earbon nanotubes (MWNTs) is a multiple, concentrieally 
arranged set of SWNTs with an interlayer spacing of 3.4 Â and a typical diameter of 
10-20 nm. Theoretical calculations and pioneering experimental investigations 
showed that in many respeets CNTs are an exceptional material. Strong eovalent 
bonds between carbon atoms and their symmetry make CNTs a very flexible and 
strong material (lijima, 1991).
Electrical transport through SWNT have been studied in a number of theoretical 
works (Martel, et al., 2001). Their electronie properties vary in a periodic way (i.e. 
metallic to semiconducting) as a function of both the diameter and the helicity. 
SWNTs are also able to be a model system of one-dimensional conductor. They can 
be influeneed from the electron-electron correlations of eonduction electrons. For
Page I 32
Theory & Literature Review
example, the strong confinement around the circumference leads to a large spacing 
between sub-bands 1 eV to 10 x 10'  ^ eV for a 1 nm tube given the SWNTs are 
atomically uniform and well-defined (Yao, Dekker, & Avouris, 2001). The 
properties of SWNT in moleeular wires semiconducting provide it with the tubular 
structure, its robustness and chemical inertness.
f. • ■
d
Figure 2-11: The structure of Single-Walled Carbon Nanotube (SWT\T). (a) Shows a schematic o f an 
individual helical SWMT. (b) Shows a cross-sectional view (TEM image) of a bundle o f SWNTs 
[transverse view shown in (d)j. Each nanotubc has a diameter o f ~1 .4  nm and the tube-tube distance in 
the bundles is 0.315 nm. (c) Shows the high-resolution TEM micrograph of a 1.5 nm diameter SWNT  
(Ajayan, et aL, 2001)
Since CNTs have deseribed eharacteristics, CNTs have been used as foundation of 
nano electronics devices such as sensors (thermal, force and chemieal), diodes and 
transistors. Furthermore, it has been proven that CNTs can be used in biological and 
medical applications. For example, CNTs applicable to interface of drug delivery 
system by transporting drug molecules from CNTs into target cell membrane 
(Suehiro, et al., 2008).
In order to expand CNTs onto electronics fields for the fabrication of devices, or to 
separate them from mixed suspensions, DEP technique ean be applied. In 2003, the 
separation of metal lie and semiconducting CNTs was successfully proven by 
Krupke et a l. Suehiro et a l  also demonstrated in the same year, a structure similar
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to field-effect transistor (FET) based on CNT fabrication was employed to study the 
transconductance on the gate voltage (Krupke, et ah, 2003a; Suehiro, Zhou, & Hara, 
2003). Since these initial demonstrations, DEP trapping and positioning of CNTs 
have been widely reported (Suehiro, et ah, 2006c), and Makaram et al. (Makaram, 
et ah, 2007) demonstrated 3-D (three-dimensional) assembling of single-walled 
CNTs as illustrated in Figure 2.11. Jung et al. fabricated CNT enhanced electric 
field emitters by attaching a single-walled CNT onto an atomic force microscope 
(ATM) tip, and the CNT ATM tips were also built for ultra high resolution imaging 
(Jung, et ah, 2006; Wei, et ah, 2008). The DEP trapping technique has been 
employed to design field effect transistor (Chimot, et ah, 2007; Taeger, et ah, 2006) 
and new sensor technologies (Lai, et ah, 2006; Yun, et ah, 2009). In consideration 
of different types of CNTs that can be used in different applications, the sorting of 
CNTs corresponding to their size and electrical characteristics has become an 
important area of study (Peng, et ah, 2006).
k
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Figure 2-12: 3D assembly o f SWNTs on a multiple electrodes structure (left) Scanning Electron 
Microscope (SEM) image of one of the finger electrodes (right) (Makaram, et al., 2007)
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2.7.3.1 Theorical M odel on SW NT o f DEP
As mentioned earlier in this Chapter, the property of DEP force can be defined by 
the DEP spectrum and crossover frequency in which the geometry o f the particle 
can be calculated. For dielectrophoretic force on a spherical-shaped particle can be 
determined using Equation 2-26. For a prolate ellipsoid with major axis rj and 
minor axis are given by the following equation (Equation 2-27) (Mureau, et al., 
2006):
^sphere — 2 71 R e  ^ (2-26)
and
F r o a  =  R e  ( ^ )  V E ^  (2-27)
where Sm is the permittivity o f the suspending medium, E  is the electric field, V is 
the differential vector operator, Sp  and Sm are the complex permittivities o f the 
particle and medium respectively; the complex permittivity is given by Equation 2- 
13.
Figure 2-13 illustrates the behaviour of semiconducting SWNTs dissolved using 
sodium dodecylbenzenesulfonate. The results of the experiment concluded that the 
separation of metallic from semiconducting STO>Ts will take place once DEP force 
at strong electric field of specific frequency (Krupke, et al., 2004).
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Figure 2-13: The graph of DEP force versus frequency in SWNT suspension. Dotted line shows F dep on a 
semiconductor and dash line shows F dep on a metallic (Krupke, et al., 2004)
2.7.4 Zinc Oxide Nanoparticles
Zinc oxide (ZnO) is a unique material that demonstrates semiconducting, 
piezoelectric and pyroelectric properties. ZnO has a wide range of applications in 
optics, sensors, optoelectronics and biomedical science. One-dimensional ZnO 
nanorods, nanowires, and nanotubes are of particular interest because, for a large 
number of applications, the shape and size of the ZnO nanoparticle determine the 
performance of the devices. Moreover, ZnO nanostructures have piezoelectric 
property that can form the basis for electromechanically coupled sensors and 
transducers. The configuration of ZnO nanostructures can be formed such as 
nanorings, nanobelts and nanopropellers could be unique for many applications in 
nanotechnology. In 2007, Wang et al. successfully demonstrated controlled DEP 
assembly of zinc oxide nanowires as shown in Figure 2-14 (Wang, et ah, 2007).
ZnO represents an important application in the fields of optoelectronics and 
photovoltaic devices. ZnO nanoparticles are transparent conducting oxides. The 
property of electrical transport for ZnO are a wide band energy semiconductor with
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3.3 eV (Nanto, et al., 1984). ZnO possesses high excitation binding energy of 60 
xlO'^ eV, where high energy leads to charge emission at room temperature. The 
ZnO nanoparticle is the hardest o f the II-IV family of semiconductors, and therefore 
their performance will not be deteriorated as easily as other compounds through the 
appearance of defects.
Figure 2-14: The SEM images o f assembled ZnO naovvires beUveen electrodes with different gap distance: 
(a) The four gap distances are 2, 4, 6 and 10 pm respectively and are enlarged in (b) to (e). (f) to (i) 
illustrates collecting effects using varies o f magnitudes and frequencies o f the applied electric field 
(W ang, et al., 2007)
Moreover, positive DEP oeeurs when Re \K  (cu)] has positive values, and at that 
moment a time-averaged force pulls the nanoparticles toward the area o f high 
electric field. Another possibility is the negative value of Re [K (m)] which causes 
negative DEP. Thus, it eorresponds to time-averaged foree, pushing the 
nanoparticles toward the area of less electrie field strength.
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Figure 2-15 shows the real parameter of Clausius Mosotti factor, Re {K (ûj)] when 
assembled with ZnO nanowire into nanogap eleetode (Kumar, et ah, 2009):
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Figure 2-15: The real parameter o f Clausius-M osotti factor, Re [K (fo)] when assembled with ZnO  
nanoparticles into nanogap eleetode (Kumar, et al., 2009)
In addition, a piezoelectricity is a charge that accumulates in certain solid materials 
such as crystals. Zinc oxide comes from its crystal structure. Piezoeleetrieity is a 
native property that is shared by both bulk and nanoscale zinc oxide. Zinc oxide is 
composed of two types o f layer bonded to each other through a tetrahedral structure. 
Naturally, the formation leads to a non-symmetrie structure, both atomically and 
electrically, which contributes to the spontaneous polarization of zinc oxide.
2.7.5 Tin(rV) Oxide Nanoparticles
Tin(IV) oxide (Sn02) is a wide band gap n-type semiconductor, which crystallizes 
in the rutile structure (tetragonal structure), similar to titanium(IV) oxide (Ti02), 
cerium(IV) oxide (Ce02), or germanium(IV) oxide (Ge02) (Schierbaum, Weimar,
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& Gopel, 1992). The unit cell of SnO] contains six atoms, two tin and four oxygen 
atoms as shown in Figure 2-16.
oxygen
a = b = 4.737 A 
c = 3.186 A
Figure 2-16: Unit cell o f SnO^. The shaded area represents the (110 - homogeneous coordinate) surface
With an optical band gap of 3.6 eV, this material has a low conductivity at room 
temperature. But their conductivity can be increased by introducing dopants that 
also are of importance to tailor SnO] based gas-sensor to higher sensitivity towards 
gases of interest. According to Dai et a l, indium tin oxide (ITO) has high 
conductivity and transparency, making it an ideal material for producing transparent 
electrodes. In addition, it is also widely used in gas sensor production because of its 
chemical stability and its semiconducting properties to reduce and oxidise gases. A 
systematic study has been made in empirical optimization of this material by 
varying the dopants, amount of doping, sintering condition, grain size and operating 
temperature (Dai, et al., 2002). In 2005, Kumar et a l demonstrated nanosensors 
based on tin oxide nanobelts structures using DEP (Kumar, et a!., 2005).
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2.8 Summary
In this chapter, the principle of dielectrophoresis and the literature review based on 
factors that relate to conclusive summary for the properties and behaviour of DEP 
manipulation used in biodevices were presented. The DEP spectrum and crossover 
frequency were introduced here as a key point to describe the characterization of 
DEP forces in colloid systems. Clausius-Mossotti factors were also assessed to 
demonstrate the impact o f conductivity o f particle and medium on the DEP forces. 
Moreover, the theoretical and current studies on the organic and inorganic particles 
manipulation on DEP technique respectively were also presented.
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3 METHODS
3.1  In trodu ction
This chapter describes the experimental and theoretical application of electric fields 
on organic and inorganic particles. To obtain the DEP system on biodevice, two 
different electrodes were designed; micro-tip electrodes and quadrupole electrodes. 
The quarupole electrodes were designed for poly AT and poly GC trapping 
experiments and all the impedance measurement involved in this study. The micro­
tip electrode was designed for Lambda-DNA (1-DNA) trapping since they 
maximize the difference between high and low field region and clearly distinguish 
between positive and negative dielectrophoresis.
In addition, this chapter presents the simulation of the electric fields region 
produced by the micro-tip electrodes to predict the device functionality. Moreover, 
the modelling determination of the crossover frequency using MATLAB is also 
described in detail.
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3.2 T he F ab rica tion s o f  M icroelectrod e
The DEP microelectrodes were fabricated using standard photolithography and 
etching processes, then used for series of experiments. All the processes of 
fabrication were conducted at our clean room and vacuum laboratory facility in the 
Advance Technology Institute, Faculty of Engineering and Physical Science, 
University of Surrey.
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Figure 3-1: The image showing the graphics design before making a mask
Figure 3-2: Designing of mask using Advance Design System softw are
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3.2 .1 Photom ask Preparation
The photomask geometry was designed using Advance Design System software 
package (Agilent Technology Company Limited, UK). After the drawing was 
completed, the designed files were exported as Graphic Data System (GDS) stream 
format (Figure 3-2). There are four different electrode geometries with 2 pm, 6 pm, 
8 pm and 10 pm gaps (Figure 3-1 and 3-3). The chrome mask size is 10.16 x 10.16 
X 0.1524 cm^ and printed on high quality quartz substrates. Figure 3-1 shows the 
mask of the geometry designed, made by Compugraphic International Limited, 
Scotland.
H
I
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Figure 3-3: The design of mask on quartz substrates
3.2.2 Substrate Vaporization
The metalized substrates were prepared by the electron beam evaporation of 
chromium/gold with 20 nm/60 nm deposits. Chromium layer deposited on before 
the gold layer providing good adhesion to the substrate surface. The glass substrates 
were diced into designed dimensions with a diamond blade after the vaporization 
process.
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3.2.3 Photolithography
The biodevices were fabricated using optical lithography on a chrome mask, which 
has a 20 nm layer of chromium (Cr) a 60 nm layer of gold (Au), and cut to a size of 
7.62 X 2.54 X 0.1 cm^. Table 3-1 summarises the steps involved in the fabrication of 
DEP microchip in a class-1000 clean room environment with constant temperature 
of approximately 22°C.
T able  3-1: Su m m ary  o f  D E P  m icroch ip  fab rica tion  p rotoco l
S te p  1 Switch on the Quentel Vision (Ultra Microline Series) and Maskiliner
S te p  2 While waiting machine to warm up, take four beakers
S te p  3 Prepare MS58 Chrome etch, S I828 (Positive photoresist)
S te p  4 Beakers and Cr/Au electrode on glass slide were rinsed with acetone
S te p  5 Place substrate S1828max to vacuum spinner and set to 50sec/5000rpm
S te p  6 Bake the Cr/Au electrode for 30 seconds
S te p  7 Put Cr/Au on Maskiliner after setting up the mask
S te p  8 Expose the UV light on Maskiliner to 10 seconds
3.2.4 Chem ical Etching
After the developing process, a negative of the mask remains. The features o f the 
electrodes are then checked with a microscope to ensure that the process has been 
completed properly and the electrode gaps are o f the right size. The sample was then 
hard-baked (1-3 minutes at 80°C) to further harden and remove any residue of the 
developer. Next, the chromium around the mask is etched away. Gold etch (4g 
potassium iodide (KI), Ig iodine (I2), 40 ml H2O) was used first, where the sample 
was left in the solution for about 10 seconds. The sample was then rinsed with 
deionised water and then exposed to chromium etch 18 (Rohm and Haas Company 
Limited, UK) for 30 seconds. The remaining resist was then removed using acetone. 
Table 3-2 summarises the remaining steps in the fabrication process. The schematic 
illustration for micro electrode fabrication is shown in Figure 3-4 and the result o f 
fabrication is shown in Figure 3-5.
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T able 3-2: S u m m ary o f  develop  protoco l
S te p  1 Prepare the chemical o f  microposit MF-319 (developer)
S te p  2 Check the Cr/Au electrode under the microscope to make sure the geometry in good 
condition as desired
S te p  3 Put gold etch (Kl:l2:H20) solution in cavendish and sieve the Cr/Au for 10 seconds
S te p  4 M58 chrome etch is poured onto Cavendish and sieve the Cr/Au for 15 seconds
S te p  5 Rinse the electrode with acetone
S te p  6 Cr/Au electrode is ready to be used
metalized substrate resist coated substrate
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Figure 3-4: I he schematic o f photolithography fabrication process
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Figure 3-5: The micro-tip electrodes ready with 8pm gap
Scanning Electron Microscopy (SEM) was used to examine the surface of electrode 
at very high magnifications after the process of fabrieation. In this work, a FEl 
Quanta 200F environmental SEM was used in vacuum and had a resolution of about 
2 nm.
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Figure 3-6: Image a) The electrode o f quadrupole w ith 2pm gap under SEM. Image, b) close up o f the 
centre o f quadrupole electrode
Fluoreseence microscopy is very useful to observe fluoreseent YOYO-1, JOJO-1 
and 2-4-Amidinophenyl-6-indolecarbamidine dihydrochloride (DAPl) in 
dielectrophoresis of organie particles experimental. A fluorescence microseope of
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Nikon Photonic Science model where is located in Microengineering Laboratory, 
Duke of Kent Building, Centre for Biomedical Engineering was used.
Fluorescence is a photo-luminescence process, in which the molecular absorption of 
a photon triggers the emission of a lower-energy photon with a longer wavelength. 
In other words, the energy difference between the absorbed and emitted photons 
ends up as molecular vibrations or heat. It is well known that organic 
chromospheres can be excited in the UV range, for example ethidium bromide to 
stain DNA in agarose gels. However, there are a variety of chromospheres produced 
by commercial companies such as Invitrogen and Sigma Aldrich that are designed 
for other regions of the spectrum. In this dielectrophoretic manipulation of L-DNA, 
poly AT and poly GC DNA; to visualise DNA being trapped between electrodes, 
three types of fluorescence were chosen to conduct the experiments. The three 
different types of fluorescent are used: type one, YOYO-1 iodide is nucleic acid 
probes and visualise green fluorescence when bound to 1-DNA with 491/509 nm of 
maximum absorption/emissions peak. Type two, JOJO-I iodide has 529/545 nm and 
orange fluorescence when engaged to poly GC. The last fluorescent was 
2-4-Amidinophenyl-6-indolecarbamidine dihydrochloride (DAPI) was used to stain 
poly AT DNA and the maximum absorption/emissions peak of DAPI blue 
fluorescent at 358/461 nm. The type one and type two absorptions/emissions curves 
are illustrated in Figure 3-7.
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Figure 3-7: a) Absorption/emission of VO^'O-1 iodide when bound to l ambda DNA and b) JOJO-1 
iodide w hen bound to poly GC DNA. Adapted from Invitrogen catalogue (ww w.invitrogen.com)
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3.3  D ie lectrop h oretic  o f  Im p ed an ce  S p ectroscop y
3.3.1 Introduction
The fundamental of electrical impedance spectroscopy is the complex electrical 
impedance of a medium consistently varies with frequency. Every different medium 
has a different complex electrical impedance profile over frequency. By analysing 
the measured electrical impedance of an unknown medium, the characteristics of the 
medium can be investigated (Wei, Dong, & Yu, 2006).
Electrical impedance spectra can be measured over a wide frequency range as an 
electrical system which can measure complex impedance. A modem spectral 
analyser device, NumetriQ PSM1735 is used in this research work.
3.3.2 Im pedance Spectroscopy Device
The impedance spectroscopy device used for this study is NumetriQ Phase Analyser 
Multimeter PSM1735 and interface with Impedance Analyser (Newtons4th Limited 
UK). NumetriQ is a self-contained test measurement, with one output (data) and 
two input (Channel 1 and 2). NumetriQ has two differential, high bandwidth and 
voltage inputs, as a continuous digital analysis at low frequencies and heterodyning 
technique to give high accuracy at high frequencies. The Impedance Analysis 
Interface provides a wide frequency measurement range and most importantly their 
higher nominal can be obtained.
The measurements were downloaded onto personal computer (PC) using 
CommVlEW Version 1.15 (Newtons4th Company Limited, UK) through RS 232 
port serial cable to transfer data.
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3.3.3 The Impedance Analyser Operation
Calibration: Before NumetriQ and impedance analyser can be used for the 
experiments, the device must be calibrated and setup. A true Kelvin clip cable was 
used during all the experiments. Calibration also requires a true Kelvin clip cable 
with one pair of terminals, Horive/Hsense (High Drive/High Sense), Lohve/Lsense (Low 
Drive/Low Sense) as second pair o f terminal connected to the second clip. The 
values derived during the calibration routine are stored in non-volatile memory and 
will remain stored in the instrument until the calibration routine is performed again.
:M1700 PsimetriQ
NumetriQ
# # # # #  Impedance
A .
Kelvin cab e  with
L-drive & L sense
micro-tip ' 
ielectrode
Figure 3-8: NumetriQ impedance analyser experiment setup
Connecting to the device: Impedance analyser was used on 4-terminal 
configuration to connect to the micro-tip electrode. This allows the NumetriQ phase 
analyser multimeter and impedance analyser to apply current to the electrode with
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one pair of terminals (High Drive and High Sense) and (Low Drive and Low Sense) 
as shown in Figure 3-8.
Open/Short circuit compensation; Before making any measurements the 
NumetriQ and impedance analyser must be zeroed each time it is setup for every 
single experiment. This feature is crucial in subtracting out effects o f residual 
impedance (impedance close to the impedance under test) and stray admittance 
(error on voltage reading) caused by test cables. Open/Short compensation is one of 
the most important steps to ensure reliability in measurement (Torrents & Pallas- 
Areny, 2005). The schematic diagram of the Open/Short circuit compensation can 
be found at Appendix chapter in this thesis.
3.4  D E P  A ssem b ly  o f  N an op artic les  u sin g  Im p ed an ce  
Sp ectroscop y
The analysis of inorganic particles has become increasingly important over the past 
few years. Consequently, the science and engineering o f detection, identification 
and quantification of small quantities of target nanoparticles are rapidly expanding. 
Impedance spectroscopy of DEP with inorganic particle characterization is 
presented in this study. This technique is demonstrated to be capable o f collecting 
measurement of nanoparticles. Measurements were carried out on micro-tip 
electrodes with 8 pm gap, energized from low frequency up to high frequency per 
decade. A variable resistance (depend on frequency given with their range are from 
50 -  5 kfl) was connected in series, and voltage measured across the resistor and
resistor/electrode using NumetriQ analyser phase multimeter and impedance 
analyser.
The result is modelled as a phenomenological ‘RC’ time constant, ‘x’. The change 
of values of resistance and capacitance affects the RC time constant in RC circuits.
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The process began by placing the nanoparticles in suspension onto electrode 
surface. The impedance analyser output to computer, which calculated the 
resistance of the enterelectrode gap at 1 s interval. The recording process began 
prior to the samples deposited on electrode surface after 30 seconds delay (to get 
initial resistance drop) and continued for typically 5 minutes. The time constant ‘x’ 
of the change of resistance as a function of time was then obtained. At high 
frequencies, an initial resistant drop at the application of the sample was followed 
by an exponential decrease (step response) to a stable value at approximately 300 s. 
The impedance drop is described by:
^ (t)  — ^M ax ( e  î )  (3-1)
where Z is impedance in ohm, t is time, x both are in seconds. Equation 3-1 can be 
simplified when e  ^= x is equal to y  = Inx  gives:
where Zmox is defined as the maximum impedance attained in the DEP collection. 
For example a setting for t = x for the impedance drop sets Zftj equal to 0.37ZMax 
meaning that the time constant is the time elapse after it has fallen to 37% o îZ mox-
Table 3-3 indicates the NumetriQ analyser menu setup. Every single of menu was 
configured before running the experiments. These parameters are accessed fi-om the 
front panel via a number of menus. Acquisition control shows data acquisition 
parameters such as speed and filtering. Sweep is frequency sweep control. Comms 
is menu for interfacing with the personal computer. Output option is main signal 
generator control. The two last menus are input one and input two are channel 1 and 
2 for Kelvin connector to attach with the micro-tip electrodes.
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T able  3-3: N u m etr iQ  A n a ly ser  m enu setup
ACQUISITION CONTROL SWEEP COMMS
Mode: normal Sweep s ta r t :  100khz Resolution: normal
Speed: fa s t Sweep end: IMhz Interface: rs232
Phase ref: chi Steps: 32 Baud rate: 19200
F ilter : none Step: log
Low freq: o f f Sweep: s in g le
Datalog: RAM Graph: auto
Interval: ImS
Bandwidth: auto
OUTPUT OPTION INPUT 1 INPUT 2
Amplitude: 10vpk Input 1: voltage input Input 2: external shunt
Frequency: IMHz Min range: ImV Min range : ImV
O ffset : 0.0mV Auto ranging: f u l l Auto ranging: f u l l
Waveform: sinewave Coupling: ac+dc Coupling: ac+dc
Amplitud s te p :1 .1  times Scale factor: +1.000 Scale factor: +1.000
Freq step: 2 .0 times External shunt: 5.0k ohm
Output: on
Figure 3-9 shows a collective data was downloaded from NumetriQ analyser 
through comm VIEW software. Thus, the column from left is index, sweep, 
capacitance, resistance, tangent and fi-equency input. The highlighted (yellow 
colour) indicates that after 30 second delay the impedance drop to the minimum 
value up to the 345 lines. Anyway the result was calculated from beginning up to 
the 300 seconds.
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I cnt nn iOOHz - Notes
File Edit Format View Help
h d a t a l o g , !  
l.O.OOOOEO, 
2 , 3 . 5528E-4 
3 ,6 .2 1 3 9 E -4  
4 , 8 . 8778E—4 
5 ,1 .1 5 3 9 E -3  
6 ,1 .4 2 0 6 E -3  
7 , 1 . 6867E—3 
8 ,1 .9 5 3 lE -3  
9 , 2 . 3081E-3  
1 0 ,2 .5 7 4 4 E-  
,2 .8 4 0 6 E -  
,3 .1 0 6 9 E -  
, 3 . 3733E- 
,3 .6 3 9 7 E -  
.3 .9058E -  
,4 .1 7 2 2 E -  
, 4 . 5275E- 
,4 .7936E -  
, 5 . 0600E— 
,5 .3 2 6 1 E -  
, 5 . 5925E- 
.5 .8589E -  
,6 .1253E -  
, 6 . 3914E- 
,6 .7467E -  
,7 .0128E -  
,7 .2 7 9 2 E -  
, 7 . 5456E- 
,7 .8 1 1 7 E -  
,6 .0781E -  
,8 .3 4 4 4 E— 
, 8 . 6995E- 
, 8 . 9658E— 
.9 .2322E -
11
12
13
14
15
16
17
18
19
20 
21 
22
23
24
25
26
27
28
29
30
31
32
33
34
345? 
6 .4 2 5 6 E -1 2 .2 .  
,6 .4 2 2 9 E -1 2 ,2  
,6 .4 1 8 7 E -1 2 ,2  
,6 .4 1 8 8 E -1 2 ,2  
,6 .4 2 0 3 E -1 2 ,2  
,6 .4 2 4 1 E -1 2 ,2  
,6 .4 2 3 0 E -1 2 ,2  
,6 .4 2 2 9 E -1 2 ,2  
,6 .4 2 4 0 E -1 2 ,2  
3 ,6 .4 2 3 4 E -1 2  
3 .6 .4 1 9 6 E -1 2  
3 .6 .4 2 3 5 E -1 2  
3 ,6 .4 2 4 9 E -1 2  
3 ,6 .4235E -12  
3 ,6 .4 2 5 7 E -1 2  
3 ,6 .4 9 7 9 E -1 2  
3 , 6 . 5302E-12 
3 .6 .4 7 4 5 E -1 2  
3 ,6 .4 4 7 7 E -1 2  
3 ,6 .4 3 7 1 E -1 2  
3 ,6 .4 3 0 0 E -1 2  
3 ,6 .4 2 6 7 E -1 2  
3 ,6 .4 2 6 3 E -1 2  
3 ,6 .4 3 4 2 E -1 2  
3 ,6 .4390E -12  
3 ,6 .4 3 2 0 E -1 2  
3 ,6 .4 2 6 0 E -1 2  
3 ,6 .4 2 4 3 E -1 2  
3 ,6 .4 2 3 9 E -1 2  
3 ,6 .4 2 4 8 5 -1 2  
3 ,6 .4 2 4 4 5 -1 2  
3 , 2 . 5239E-10 
3 ,8 .5 1 9 4 5 - 9 ,3  
3 ,1 .2 8 8 2 5 - 8 ,3
8 7 4 0 5 7 ,1 .1 6 0 3 5 -1 ,1 .0 0 0 0 5 2  
. 8 6 1 6 5 7 ,1 .1 5 4 8 5 -1 ,1 .0 0 0 0 5 2  
. 8 6 2 8 5 7 ,1 .1 5 4 6 5 -1 ,1 .0 0 0 0 5 2  
. 8 3 1 7 5 7 ,1 .1 4 2 0 5 -1 ,1 .0 0 0 0 5 2  
. 8 5 8 1 5 7 ,1 .1 5 3 0 5 -1 ,1 .0 0 0 0 5 2  
. 8 6 3 5 5 7 ,1 .1 5 5 8 5 -1 ,1 .0 0 0 0 5 2  
. 8 7 5 3 5 7 ,1 .1 6 0 4 5 -1 ,1 .0 0 0 0 5 2  
. 8 3 2 3 5 7 ,1 .1 4 3 0 5 -1 ,1 .0 0 0 0 5 2  
. 8 7 5 3 5 7 ,1 .1 6 0 6 5 -1 ,1 .0 0 0 0 5 2
2 .8 5 6 2 5 7 .1 .1 5 2 7 5 -1 ,1 .0 0 0 0 5 2  
2 .8 4 5 7 5 7 ,1 .1 4 7 8 5 -1 ,1 .0 0 0 0 5 2  
2 .8 4 4 9 5 7 ,1 .1 4 8 2 5 -1 ,1 .0 0 0 0 5 2  
2 .8 5 0 4 5 7 ,1 .1 5 0 7 5 -1 ,1 .0 0 0 0 5 2  
2 .8 6 0 9 5 7 ,1 .1 5 4 6 5 -1 ,1 .0 0 0 0 5 2  
2 .8 5 1 1 5 7 ,1 .1 5 1 1 5 -1 ,1 .0 0 0 0 5 2  
2 .8 1 5 5 5 7 ,1 .1 4 9 5 5 -1 ,1 .0 0 0 0 5 2  
2 .7 7 9 7 5 7 ,1 .1 4 0 5 5 -1 ,1 .0 0 0 0 5 2  
2 .8 1 7 0 5 7 ,1 .1 4 6 0 5 -1 ,1 .0 0 0 0 5 2  
2 .8 2 5 2 5 7 ,1 .1 4 4 5 5 -1 ,1 .0 0 0 0 5 2
2 .8 5 0 1 5 7 .1 .1 5 2 7 5 -1 ,1 .0 0 0 0 5 2  
2 .8 3 7 1 5 7 ,1 .1 4 6 2 5 -1 ,1 .0 0 0 0 5 2  
2 .8 5 7 2 5 7 ,1 .1 5 3 7 5 -1 ,1 .0 0 0 0 5 2  
2 .8 5 8 4 5 7 ,1 .1 5 4 2 5 -1 ,1 .0 0 0 0 5 2  
2 .8 7 1 1 5 7 ,1 .1 6 0 7 5 -1 ,1 .0 0 0 0 5 2  
2 .8 6 0 8 5 7 ,1 .1 5 7 4 5 -1 ,1 .0 0 0 0 5 2  
2 .8 5 9 2 5 7 ,1 .1 5 5 5 5 -1 ,1 .0 0 0 0 5 2  
2 .8 5 9 8 5 7 ,1 .1 5 4 7 5 -1 ,1 .0 0 0 0 5 2  
2 .8 7 4 7 5 7 ,1 .1 6 0 4 5 -1 ,1 .0 0 0 0 5 2  
2 .8 7 4 3 5 7 ,1 .1 6 0 1 5 -1 ,1 .0 0 0 0 5 2  
2 .8 7 6 1 5 7 ,1 .1 6 1 0 5 -1 ,1 .0 0 0 0 5 2  
2 .8 3 8 2 5 7 ,1 .1 4  5 7 5 -1 ,1 .0 0 0 0 5 2  
9 .4 0 9 5 5 6 ,1 .4 9 2 2 5 0 ,1 .0 0 0 0 5 2
.4 6 0 6 5 6 ,1 .8 6 3 1 5 1 ,1 .0 0 0 0 5 2  
.0 9 5 2 5 6 ,2 .5 0 5 3 5 1 ,1 .0 0 0 0 5 2
Figure 3-9: A collective data from NumetriQ analyser was downloaded through CommVIEW softw are
3.4.1 Ionic Liquids in Non-Aqueous as M edium Conductivity
An ionic liquid is a salt in the liquid state. They are commonly made of ions and 
variously called liquid electrolytes, ionic melts, ionic fluids or liquid salts. Ionic 
liquids have many applications, such as electrically conducting fluids (electrolytes) 
and separation processes of polymerization (Kubisa, 2004).
Recently a number of ionic liquids have been demonstrated as solvents in the 
development of green chemistry to reduce environmental impact. The use of ionic
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liquids has been reported in organic synthesis, chemical separation and 
electrochemical applications (Rogers & Seddon, 2003).
N,N Dimethylformamide (DMF) and 1-Butyl-3-Methylimidazolium Trifluoro 
methanesulfonate (BMIM-OTQ have attracted attention as highly useful and 
versatile solvents because of their many unique properties. They have high ionic 
conductivities, wide liquids range and solubilities characteristics. More than that, 
they are tolerant of strong acids, purified and reused. The usage o f ionic liquids is 
considered environmentally-friendly (Yang, et al., 2006).
Considering these properties, as well as their volatile organic compound ability 
DMF and BMlM-OTf were used as a solvent in this thesis.
3.4.1.1 N,N Dim ethylform am ide Ionic Liquid
N,N Dimethylformamide is a polar aprotic solvent, colourless to slightly yellow, 
high-boiling rate, polar liquid with a faint odour typical of amines. It is capable of 
being mixed with water and many organic compounds. The solvent properties of 
DMF are particularly attractive because of the high dielectric constant, wide liquid 
range and low votalities (Marsella, 1994).
In 2010, Pawar et a l demonstrated the dielectric study of DMF can be determined 
using time domain reflectometry. The result o f their experiment shows that the data 
static dielectric constant increase in the solution (Pawar, Patil, & Mehrotra, 2010).
In chemistry, an amide is an organic compound that contains the functional group 
found in carbonyl group (R-C=0) linked to nitrogen atom (N). Moreover, amide 
greater electronegatively o f oxygen, the carbonyl (C=0) is a stronger than the N-C 
dipole. These properties allow amides to act as H-bond acceptor (Kemnitz & 
Loewen, 2007). Figure 3-10 shows structures o f amide resonance model.
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Figure 3-10: Structures o f the amide resonance model, (a) amide resonance and (b) hybrid structure o f  
amide (Kemnitz & Loew en, 2007)
Another aspect of this study was the DEP force of the DMF interacting with 
particle. The physical properties o f DMF are required to analyse the data (Table 3- 
4).
T able  3-4: P h ysica l prop erties o f  D M F  ion ic  liq u ids (tak en  from  w w w .ta m in co .co m )
Molecular
weight
Molecular
formula
Conductivity, a 
mS/m
Dielectric 
permittivity, s
73.09 HC0N(CH3)2 25 37
3.4.1.2 l-Butyl-3-M ethylim idazolium  Triflourom ethanesulfonate Ionic 
Liquids
Ionic liquids based on the BMIM-OTf are salt with a liquid phase at room 
temperature. BMIM-OTf cation is the most commonly used, offering a wide range 
of properties. It is a versatile and stable ionic liquid. The discovery BMIM-OTf to 
investigate the surface and the interface of various media shown OTF anion strongly 
interacts with [bmim]^ cations (Iwahashi, et al., 2008). Figure 3-11 shows the 
structures of BMIM OTf ionic liquids.
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Figure 3-11: Structures o f  the ionic liquid component, (a) [bmim]^ cation and (b) O T f anion (Iwashashi, et 
al,. 2008)
Chakraborti et a l demonstrated in 2008, BMIM cations is influenced by the 
structure of the imidazodium moiety with examined the effect o f various neutral, 
acidic and basic ionic liquids. They found that BMIM cations is useful to prove 
catalytic efficiency and their behaviour (Chakraborti, et ah, 2008). Zyto et a l 
reported the crystal structure of metal-organic compounds have an interaction with 
two OTf anions (Zyto, Wicher, & Gdaniec, 2010).
Table 3-5 shows the properties of BMIM-OTf which are very useful to interpret 
data o f impedance spectroscopy inorganic particles.
Table 3-5: Physical properties o f BMIM-OTf ionic liquids (Min et al., 2009)
Molecular
weight
Molecular
formula
Conductivity, c 
mS /m
Dielectric 
permittivity, e
288.3 C9H15F3N2O3S 30.49 12.1
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3.5  Im p ed an ce  S p ectroscop y  o f  P rote in s
3.5.1 Introduction
Impedance measurement o f protein to understand their interfacial behaviour is of 
great importance in the development o f biosensor. In recent years, there has been 
much interest in this area for biomedical application and pharmaceutical industry 
(Walsh & Dempsey, 2002).
A variety o f protein molecules has been studied using DEP method including 
bovine serum albumin (Lapizco-Encinas, et al., 2008), avidin (Costanzo, et al., 
2005) and cytochrome (Nevill, et al., 2005). They found that protein particles can be 
trapped by employing dielectophoretic force.
This thesis concentrates on the study o f one particular protein, bovine serum 
albumin (BSA) on a micro-tip electrode using DEP techniques.
3.5.2 Bovine Serum Albumin
Serum Albumin has been one of the most extensively studied proteins in blood 
plasma. Some of the albumins most usually studied are human serum albumin 
(HSA), rat serum albumin (RSA) and bovine serum albumin (BSA) (Carter & Ho, 
1994).
Serum albumin is a soluble multi-domain protein, without prosthetic group subjoin 
of carbohydrates that is absolutely stable. Serum albumin is available at high purity 
and low cost. The primary structure of serum albumin is elliptical shape with a low 
intrinsic viscosity. More than that, albumin helps in transport of drugs and ligands 
by binding to it and so reduces the serum concentration of these compounds. 
Competitive binding of drug may occur at the same site or different sites 
(conformational changes) for example warfarin as anticoagulant and diazepam as
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derivative drug. Therefore, serum albumin acts as “carriers” for numerous 
exogenous and endogenous compounds (Peters, 1996).
The primary structure of BSA is composed of 528 amino acid residues. The 
sequences has 17 disulphide bonds resulting in nine formed by the bridges. BSA 
contains of asparagine, glutamine, alanine, leucine and lysine as well as the four 
amino acid residues in the sequence of Glycine-Phenylalanine-Glycine-Asparagine 
(Brown, 1977). Figure 3-12 shows a BSA model structure.
Trp134
Trp212
Figure 3-12: Two side-on 3D graphic representation o f a BSA model structure obtained from the Protein 
Data Bank (He & Carter, 1992)
This 3D graphic structure is in accordance with the amino acids (Tryptophan), 
proposed domains (Trpl34) and sub-domains (Trp212) present in the BSA.
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3 .6  M o d ellin g  th e D ie lectrop h oretic  R esp on se
A variety o f software can be used to both calculate and display the simulation of 
polarisability such as Mathematica (Wolfram Research, UK), Maple (Maplesoft, 
Canada) and MATLAB (The Mathworks Limited, UK). In this project MATLAB 
programming has been chosen to determine the parameters and procedures used in 
the modelling. DEP response across the frequency range can then be compared and 
observed. The model o f the frequency dependent Clausius-Mossotti factor across a 
range is used to predict the relative polarisability of the DNA across the crossover 
frequency of poly AT and poly GC DNA.
3.6.1 Determ ining the Crossover Spectrum using M ATLAB
Poly AT and poly GC DNA crossover spectrum is determined using the MATLAB 
program (adapted with permission from Hughes, 2003). Two major program 
structures are named Program 1 and Program 2. The first program runs through the 
conductivity data and for each, MATLAB will call the second program. Program 1 
is used to set the initial parameters, and later to compile the data and display the 
results. Program 2 is set up to receive the information of all medium conductivities 
to determine the DEP spectrum. Then Program 2 will identify the crossover 
frequency o f the particle, and sends the results back to Program 1 to compile and 
display the results. The process flow is illustrated as Figure 3-13.
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I Program 1 Program 2
Set initial
Determine DEPparameters
spectrum
All medium
Identified
crossover
frequency
conductivities
Compile and 
display result
Figure 3.13: The flow diagram of determining the crossover frequency (Hughes, 2003)
These equations can then be calculated using MATLAB programming to determine 
the frequency crossover as Table 3-6 below. The model DNA acts as an ellipsoid 
which allows determining data fit for the polarization. Based on the induced dipole 
for an ellipsoid, the DNA molecules can be analyzed using a programme written in 
MATLAB. In order to illustrate particle geometry of DNA molecules, ellipsoid Li is 
3.05 mm, long axis <7 is 1 nm and short axis 6 is 10 nm:
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Table 3-6 Rod likes molecules MATLAB codes
MATLAB code Comment
Li=3.05e-3; 
a=le-9; 
b=10e-9; 
c=20e-3;
G=10;
cmf=dispersion+(ecp- 
ecm)./(ecm+Li*(ecp-ecm)); 
cmf=(ecp-ecm)./(ecm+Li*(ecp- 
ecm) ) ;
% Ellipsoid of DNA Equation (2-20)
% Long and short axis from Equation 
(2-23) and (2-24)
% Eccentricity from Equation (2-25)
% Relate to Ks & Ki
3 .7  P u rifica tion  o f  S in g le-W alled  C N T s
3.7.1 Introduction
Normal CNTs contain impurities such as metal catalysts, amorphous carbon and 
multi-shelled carbon particles. These impurities have to be removed to show 
evidence that SWNT and purities have different dispersion on dielectrophoretic 
force.
The purification o f CNTs is complex since both the CNTs and the carbonaceous 
impurities are insoluble and non-volatile. The metal catalysts can be removed by 
dissolving them in inorganic acids; nevertheless, there is still a certain amount o f 
metal catalysts encapsulated in multi-shelled carbon particles can be removed by 
oxidation, but the CNTs are also exposed to oxidation. The key to developing an 
efficient purification method is to optimize the reaction conditions to allow selective 
oxidation o f carbonaceous impurities while protecting CNTs.
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In this research work, the nitric acid treatment method is used to purify the SWNTs. 
The effects of nitric acid treatment to SWNTs have been investigated and different 
conditions, including reaction time and concentration of nitric acid can strongly 
affect the efficiency of purification of SWNTs (Vacearini, et al., 1999).
3.7.2 Protocol of Experim ent Setup
One gram of SWNTs was refluxed in 150 ml of nitric acid (3 Molar) for 6 hours. 
Millipore cup and a filter of 2 pm pore-sized membrane were used. The purification 
experiment uses a vacuum pump pulls the SWNT suspension through the filter as 
shown in Figure 3-14. After reflux, the mixture was cooled to room temperature and 
the upper transparent layer was decanted. The product on the membrane was 
washed with deionised water and dried at room temperature (22 °C).
vacuu 
‘ pump
Figure 3-14: The purification o f SWTVTs process using nitric acid (HNO3) treatment method
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3.7.3 Effects o f N itric Acid Treatm ent on SWNTs
Nitric acid has been the most common and frequently utilized agent for purification 
of SWNTs to remove metal catalyst and amorphous carbon. Since it is oxidant, 
nitric acid can oxidize carbon atoms at the ends and at defects sites o f SWNTs. 
Nitric acid treatment can also cause damage to the wall and even cut SWNTs into 
short pieces (Liu, et al., 1998). Thus, to get the best product of purification, it is 
very important to get the appropriate protocol.
Purification is one of the crucial studies o f CNTs. The results of other processing, 
such as characterization, fiinetionalization and application are highly dependent on 
the efficiency o f their purification. High purity of CNTs is required in 
nanotechnology development and fiiture study.
3 .8  D E P  o f  M icroelectrod e S im u lation
To understand the behaviour of the DNA as a result o f dielectrophoretic effects, the 
electric fields around the electrodes was modelled using Comsol Multiphysics ®. 
The variation in electric fields between the quadrupole electrodes in the electric 
fields lines is shown in Figures 3-15 and Figure 3-16. The electric fields are 
maximums at the electrode’s edge (red/yellow colour). The immobilised DNA will 
be orientated relative to the field lines directly between four quadrupole electrodes, 
appearing in a fluorescence band around the electrodes. The produced 
dielectrophoretic torque will force the DNA to move towards the direction o f 
maximum electric fields.
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Methods
<A s V \ l i- 47 i 7 i V,-' 
* ”'• '* X, 7 4
y^ 'À f ?n /  '"'1 r ' '  +
Z' / •  '\'-f •'i>'\"i*,vv
^CyWffM'111 \V. '
Figure 3-15: Simulated positive DEP force to the plane is show n. The gradient o f the square of the electric 
field (SI units: /  m )^ to be exact, for the micro-tip electrodes with 7 Vp-p voltage with 8 pm gap size
The density of elements was increased around the polynomial micro-tip electrode 
and especially at the tips to calculate the gradients of electric fields and electric 
potential.
3.8.2 Negative DEP Simulation
The software applies the finite volume method to simulate the gradient of electric 
field when the negative phenomenon is acting on electrode surface. The micro-tip 
electrode was excited at 7 Vp.p. The simulation was continued until a convergence 
was achieved for the electric field as shown in Figure 3-16.
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Figure 3-16: Simulated negative DEP force to the plane is shown. The gradient o f  the square o f the 
electric field (SI units: /  m )^ to be exact, for the micro-tip electrodes with 7 Vp-p voltage with 8 pm gap
size
3.9  Sum m ary
In this chapter, the fabrication procedures for DEP microelectrode are presented. 
The fabrication process can be summarized as follows: mask design, substrate 
vaporization, photolithography and chemical etching. The SEM microscopy is used 
to examine the results of fabrication.
The fluoreseence microscopy background and the filter used during the experiment 
are presented. Fluorochome peak excitation is described in this ehapter to 
understand the different properties of the stains that have been used.
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The peripheral impedance spectroscopy is also reported in this chapter. Their 
configuration, calibration and open/short compensation of NumetriQ phase analyser 
multimeter and impedance analyser are discussed. The organic and inorganic 
particle using non-aqueous media to characterize their properties are presented. The 
simulation results indicated the designed systems are capable o f predetermined 
experimental application.
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4 RESULTS AND DISCUSSION
4.1 In trod u ction
Molecular electronics has attracted the development of nano-scales technology 
device. Thus, the demonstration of a highly conducting molecular wire is important 
for future study. In this research, the experimental study o f electrical conductance of 
lambda DNA (1-DNA) using DEP technique is reported. As presented in chapter 2, 
the DNA molecules deployed on a solid substrate and connected between two 
electrodes were found to be highly conducting, insulating or semiconducting 
material. The experiment also investigated the manipulation of poly AT and poly 
GC DNA to characterize the transport behaviour, depending on the chemical nature 
on the surfaces on which DNA molecules are deposited.
Moreover, the properties of organic and inorganic particles have been reported in 
this work. The impedance spectroscopy of SWNTs, ZnO and SnO] in non-aqueous 
solvents is presented. The investigation of BSA properties using impedance 
measurement was conducted.
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4.2 L am b d a  D N A  M an ip u la tion  U sin g  D E P
4.2.1 Introduction
Study on DNA using DEP has increased tremendously since Washizu and Asbury 
demonstrated the properties o f DNA can be characterised using similar technique. 
The frequency response and increase o f medium conductivities can be used to 
characterize the DNA molecules.
4.2.2 Experim ent Setup and Preparation o f Lambda DNA
In order to harness the conductivity of 1-DNA the conduction of DNA molecules 
needs to be determined by DEP trapping experiments. The electrical properties of 
DNA molecules have been characterized by crossover frequency method.
The 1-DNA was purchased from Sigma Aldrich UK with double-stranded DNA 
(dsDNA), and 48.5 kbp of lengths. Seven samples were prepared from the stock of 
1-DNA and diluted with deionised water (miliQ). The dye o f YOYO-1 (491/509, 
absorption/emissions) 1 mM solution in DMSO iodide (Sigma Aldrich, UK) was 
used to stain the DNA molecules. Potassium chloride {KCl) was prepared as 
electrolyte of the medium in 1 ml of sterile eppendorf tubes. Every sample o f DNA 
was mixed at a ratio o f 94: 4: 2, {KCl : 1-DNA : YOYO-1). The 10% YOYO-1 
pipetted 2 pi into 18 pi mliQ water. A stock o f 1-DNA 420 pg/ml is diluted with 
dye and this giving the total solution of the concentration o f stained DNA is 4.2 
pg/ml. The final volume of solution was 60 pi per sample. A conductivity meter 
(Hanna Instrument, UK) was used to record the conductivity and temperature o f the 
samples. Table 4-1 shows all the samples containing 1-DNA (labelled as LI to L7).
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Table 4-1 Lambda DNA conductivity medium for each sample
Sample
(ml)
KCl
(Molar)
A-DNA 
Volume (ml)
Volume 
Milli-Q (ml)
Conductivity
(S/m)
Temperature
(Celcius)
LI 0.08 4.0 46.0 0.98 22.9
L2 0T3 6.5 43.5 1.46 22.9
L3 0.17 8.5 41.5 1.87 23d
L4 0T9 &5 40.5 2.25 22T
L5 0.25 12.5 37.5 2.91 22.9
L6 0.50 25.0 25.0 5T5 22.9
L7 0.75 37.5 12.5 7T3 23T
4.2.3 M aterial and M ethods
To perform trapping and manipulation of X-DNA, quadrupole electrode 
configuration was setup. The weak eleetric field regions were generated at the 
centre of quadrupole electrodes while the strong eleetric field regions were 
generated at electrode edge surface. A wire was eonnected to the between electrode 
A and D. Another connection was made to electrode B and C. The AC potentials of 
5-8 Vp-p and the frequency range from 100 kHz to 10 MHz was applied across the 
electrodes. This configuration is illustrated in Figure 4-1.
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Figure 4-1: The quadrupole micro electrode with 2pm gap configuration
The DEP experiments were conducted using the fluoreseence microscopy (Nikon 
Photonic Science Japan). Fluorescence can be suppressed with the presence of a 
molecule absorption spectrum that overlaps with the emission spectrum of the 
fluorophore. Different fluorophore molecules were developed with different 
absorption and emission spectra as well as affinities. YOYO-1 was used to stain 1- 
DNA molecules. When observed using an optical microscope with the 
corresponding filters, a good contrast was obtained and A-DNA was seen. Thus, 
FITC DM515 filter was attaehed to microseope to visualize the image. The A-DNA 
was observed using a microscope equipped with a 40x70.75 NA and cooled CCD 
camera (Nikon Japan).
4.2.4 Results and Discussion
The crossover frequency measurement allows crossover frequency o f the material to 
be measured and subsequently A-DNA to establish dielectric properties. The data 
was collected from the observation of dielectrophoretic force on A-DNA. The
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frequency region of positive DEP and negative DEP is exhibited due to different 
media conductivities, ranging between 0.98 S/m to 7.13 S/m. When conducting the 
DEP trapping experiment, every samples of A-DNA experienced positive DEP and 
negative DEP. The data crossover frequency was taken when there was no force 
acting on A-DNA molecules. Table 4-2 represents the all 7 samples of A-DNA 
trapping between electrodes at 1.12 MHz to 1.61 MHz.
In addition, this work presents very fundamental and important theory concerning 
the dielectrophoretic force expression. It was shown that the dielectrophoretic force 
principally depends on CM factor. The most interesting dielectric behaviour occurs 
when dielectric properties are frequencies dependent and dielectric losses presented 
in the system (Holzel, 2009).
Therefore, the DNAs molecule, randomly coiled under the absence o f the 
electrostatic field, is stretched straight along the field lines. The stretched DNA is 
attracted to the edge where the field is stronger by DEP until one end of the 
molecule touches the electrode edge. Between the frequencies of approximate 1 
MHz to 2 MHz, the orientation o f the DNA strand along electric field lines. When 
the frequency was switched stepwise from low to high frequencies, the DNA 
molecules oriented perpendicular to electric field lines. This effect possible 
saturation in the polarization as frequency is lowered (Washizu & Kurosawa, 1990).
Table 4-2: Crossover frequencies of Lambda DNA
Sample LI L2 L3 L4 L5 L6 L7
Crossover frequency (MHz) 1.12 1.28 1.21 1.22 1.41 1.52 1.61
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4.2.5 Conclusion
This research successfully designed and implemented a micro analytical system for 
conducting DEP studies o f A-DNA molecules. Through this DEP studies, it was 
concluded that the DNA molecules examined in this researeh exhibit both negative 
and positive DEP. Further, such behaviour requires that the DNA molecules 
analysed in this work be modelled as a particle with dielectric losses approximately 
above 1 MHz (Jones, 2003).
4.3 P oly  A T  and  po ly  G C  D N A  N an om an ip u la tion
4.3.1 Introduction
DEP is a technique wherein non-uniform alternating current fields can be used to 
manipulate polarisable particles in solution. DEP trapping of DNA originally 
believed to be too small to be trapped effectively due to the constraints o f Brownian 
motion. Advances in microfabrication technology have meant that DNA trapping in 
AC electric fields has been explored by nanotechnologist and Lab-On-a-Chip 
system developers (Asbury, et al., 2002; Bakewell & Morgan 2006; Tuukkanen, et 
al., 2006).
In addition to the use of DEP to trap biomacromolecules, it has also been shown to 
provide an effective method for measuring the dielectric properties o f particles 
(Hughes & Morgan, 1998). The magnitude and direction o f the DEP force is 
dictated by the relative polarisability of both the suspended particle and the medium 
DEP, and the frequency o f the applied field (Hughes, 2003). Where it is possible to 
study the motion of the particles at different frequencies and infer the dielectric 
properties o f the particles. However, this is impractical for determining the 
properties of nanoparticles that are too small to be tracked via a microscope.
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This has been addressed through the use of crossover analysis, where the unique 
frequency where the polarisability o f the particle passes from positive to negative 
(that is, it crosses over the point o f neutral polarisability) is observed for different 
conductivities of the suspending medium, a technique that has been used for 
analyzing virus particles as well as latex beads and macromolecules. In DNA 
studies, it can be difficult to observe negative DEP directly, so the crossover 
frequency is taken to be the lowest frequency where no positive DEP is observed 
(e.g. Hughes, et al., 1999).
In the work presented here, DNA strands comprising only adenine/thymine or 
guanine/cytosine bases - poly AT and poly GC DNA respectively - has been trapped 
and characterized using DEP. A significant difference was observed in the 
frequency-dependent trapping behavior of the two different DNA variants, which 
points to a possible method of DNA separation, as well as providing a better 
understanding o f the mechanism of charge conduction in DNA in solution.
4.3.2 Preparation o f Poly AT and Poly GC DNA
Poly AT and poly GC DNA were purchased from Sigma Aldrich UK with length of 
9 kbp and 10 kbp. The concentration o f poly AT and poly GC DNA o f double­
stranded homopolymer were prepared. The sample of IM KCl solution (3.72g KCl 
added to 50ml o f Milli-Q water system) was used. The poly AT DNA was stained 
with DAPI (Sigma Aldrich, UK). The poly AT solution was mixed at a ratio o f 160 
pi + 16 pi +144 pi (DNA: DAPI: KCl). The final value o f 320 pi was pipetted into 
1 ml sterile eppendorf tube.
The poly GC DNA solutions were prepared as same as poly AT DNA protocol. 
However, the concentrations were adjusted to 50% less than poly AT DNA. JOJO-1 
iodide (529/545) 1 mM solution in DMSO (Invitrogen, UK) dye was used to bind
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DNA molecules. The value is 80 pi + 8 pi + 72 pi (DNA: JOJO: KCl). Stock 
calculation of dye concentration from stock may be done as follows:
lOOn^ {s to ck )/m l x  1 0 0  fit 
25000 ng {s to ck )/m l
To obtain more accurate eoncentration, the dye from stock was diluted 1/10 and 
given 4 pl/ml, instead o f 0.4 pl/ml. Table 4-3 shows the samples of poly AT and 
poly GC after the final of dilution from 100 ng/ml DNA and 1/10 to 4 pl/ml o f dye 
from stock.
Table 4-3: The data is showing the sample of poly AT and poly GC DNA medium conductivity 
preparation solution of (KCl + MilliQ water) to be mixed with (DNA + dye).
Sample Tube 
(ml)
KCl Volume Volume Milli-Q 
Water (ml)
Conductivity
(S/m)
Temperature
(Celcius)
Vi 0.36 pi 49.64 10 p 22.8
V2 1.80 pi 48.20 50 p 22.6
Vs 3.61 pi 46.39 100 p 22.7
V4 8.66 pi 41.34 240 p 23.1
V5 180 pi 49.82 500 p 22.4
V6 270 pi 49.73 750 p 22.6
Vv 361 pi 49.64 1 m 22.7
Vs 902 pi 49.10 2.5 m 22.5
V9 1.80 ml 48.20 5 m 21.9
V10 2.70 ml 47.30 7.5 m 22.3
V ,1 3.61 ml 46.39 10 m 22.3
V 12 9.02 ml 40.98 25 m 22^
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4.3.3 Instrumentations
AC potentials with magnitudes of 5-10 Vp.p and frequencies from 100 kHz to 10 
MHz were applied across the electrodes using a function generator (Thurby Thandar 
Instruments, TGI20, Company Limited, UK). A CCD fluorescence microscope 
(Nikon Photonic Science, Japan) was utilized to observe the DEP behaviours of 
DNA molecules and the performances of the DEP trapping platforms. Electrodes 
used were o f a ‘quadrupole’ geometry, widely used in DEP because o f the well- 
defined regions of high and low electric field strength. The array consisted o f four 
electrodes arranged in a cross, and connected with facing electrodes receiving like 
phase and adjacent electrodes receiving counterphase signals. Electrodes were 
fabricated using thin gold films (120 nm) on a titanium interlayer (60 nm) on a glass 
substrate, and were etched using standard photolithographic methods. The wired 
connection configuration was same as 1-DNA experiments.
4.3.4 Results o f Poly AT and Poly GC DNA
Examples o f positive and negative DEP of DNA are shown in Figures 4-2 and 4-3 
respectively. A volume of 5 to 10 pi of DNA solution was deposited between the 
electrode surface and glass cover slip. The voltage was gradually increased until the 
DNA started to accumulate between the tips o f electrodes, where the field is at its 
maximum. As the frequency increased, some poly GC DNAs were repelled from the 
electrodes and released into the solution and some remain attached to the edge of 
electrodes (presumably having chemically bonded/burned onto the electrode edge); 
however, observation of negative dielectrophoresis (as distinct from the absence of 
positive dielectrophoresis) was not always possible. In order to determine the 
crossover frequency, the signal frequency was adjusted and collection was 
observed, with the crossover frequency being collected the protocol was repeated
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for poly AT DNA, with differences o f ac signal to produce a negative DEP effect. 
During this procedure a sequential CCD images were taken and all the frequency 
crossover data were recorded. The effects o f varying the amplitude o f the signals 
were performed to investigate the DNA molecules trapped. The amount o f DNA 
molecules trapped after 30 seconds at a frequency of 10 kHz increased. The AC 
potentials were raised from 5 to 10 Vp-p. The accumulation of the DNA at the end 
of the electrodes tips are shown in Figures 4-2 and 4-3.
Table 4-4: Crossover frequencies of poly AT poly GC DNA
Conductivity value, 
(S /m )
Poly AT Crossover 
Frequency
Poly GC Crossover 
Frequency
10 p 350 kHz 680 kHz
50 p 400 kHz 700 kHz
100 p 450 kHz 720 kHz
240 p 550 kHz 740 kHz
500 p 650 kHz 760 kHz
750 p 750 kHz 780 kHz
1 m 820 kHz 800 kHz
2.5 m 1.01 MHz 820 kHz
5 m 1.10 MHz 850 kHz
7.5 m 1.12 MHz 850 kHz
10 m 1.12 MHz 820 kHz
25 m 920 kHz 580 kHz
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Figure 4-2: Poly GC DNA at positive DEP trapped at the edge of the electrode to the plane is shown
The DEP technique of crossover frequencies operates between a 350 kElz to 1.12 
MHz ranges, with the DNAs crossover frequency observed at every 10 kHz. A high 
frequency is a great advantage since it helps to limit electrochemieal effect by 
lowering the potential drop at the eleetrodes-solution interface.
Figure 4-3; Poly A F DNA at negative DEP trapped in the middle o f electrode to the plane is show n
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4.3.5 Discussion
An analysis of the DEP response o f theoretical prediction results of the real part of 
the Clausius-Mossotti factor o f DNA is shown in Figure 4-4. The graph shows that 
theoretically poly GC DNA has a maximum trapping at a higher frequency than 
poly AT DNA.
Different strategies were used to characterize the controllable trapping o f DNA 
molecules. First, the deposition o f DNA molecules liquid suspension was set to be 5 
pL, AC potentials (100 kHz -10 MHz, 8-10 Vp.p) were applied across the 
electrodes. To change the magnitude of DEP forces, the concentrated DNA 
molecules were observed. Table 4-4 shows the results of poly AT and poly GC DEP 
trapping experiments. When eonducting the DEP trapping experiment, DNA 
molecules will either be positive DEP or negative DEP after they were given AC 
potential. Crossover frequency is when Clausius-Mossotti (CM) factor is zero. In 
this experiment, the data shows that (Figure 4-4), poly GC experienced positive 
DEP and poly AT DNA experienced negative DEP. Thus, the crossover frequency 
can be tuned by adjusting the particle conductivity.
Therefore, it is very clear that the DEP force, affected the DNA molecules. Based 
on results demonstrated in this section, DNA molecules can be trapped by a 
combination of two experimental parameters; the magnitude of the applied electric 
field and the medium eonductivity level as a liquid suspension. Finally, it has been 
shown that the 1-DNA, poly AT and poly GC can be manipulated more effective 
and efficiently with DEP technique.
Maxwell and Wagner described two dielectric particles in a heterogeneous system, 
both share the same cross-sectional area but one particle has length di and the other 
particle d2 (with their sum being d). Similarly, the two have conductivities and 
permittivities, respectively (Maxwell, 1873; Wagner, 1914). The theory of 
Maxwell-Wagner anticipates that, a very weak low frequency polarizability for 
organic particles in aqueous solutions, DNA molecules will exhibit strong and
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positive dielectrophoresis below 20 kHz (Gascoyne, Pethig, Burt, & Becker, 1993). 
Such poly AT and poly GC DNA molecules were anticipated to have frequency 
crossover spectrum in Figure 4-4. As can be seen, there is of significant difference 
especially when the medium conductivity is between 7.5 mS/m to 25 mS/m (Table 
4-4).
Moreover, poly AT experienced a stronger repelling force due to their electrical 
properties of DNA structures as rod. The homogeneous sequence of poly AT is 
ideal for the DNA polarization to occur (Généreux & Barton, 2009). A recent study 
by Pemmaraju et al. shows that, the poly AT DNA has higher electric transport than 
poly GC through their DNA fragments (Pemmaraju, et al., 2010).
• o
- - -A T  Theory
 GC Theory
O AT Exp 
#  GC Exp
M edium  C onductiv ity  (S /m )
Figure 4-4: The model of poly AT and poly GC DNA frequeney erossover is shown
In addition, at low frequencies poly GC molecules collected at electrode edges 
under positive DEP, and at high frequencies poly AT experienced negative DEP. 
Figure 4-4 shows the dielectrophoretic behaviour of poly AT and poly GC. The data
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are plotted as a function of the different values of medium conductivities. The solid 
line indicates the best-fit curve from theory for poly GC. It can be seen that the 
crossover frequency increases with suspending medium conductivity, from 350 
kHz, 10 |xS/m to a peak of 1.12 MHz at a conductivity of 10 mS/m. Thereafter, the 
response falls sharply to 850 kHz. This effect has been attributed to ion polarization 
along DNA double helices mechanism (Chou & Zenhausem, 2003). The sign o f the 
surface charge on the DNA (three last data) due to electrical double helices 
dominates the DEP behaviour o f DNA (Pethig, 2007).
On the other hand, the dash-to-dash line shows a best-fit curve from theory for poly 
AT. The crossover frequency starts increase with suspending medium conductivity 
at 680 kHz. Meanwhile, the poly AT has higher crossover frequency which peak at 
850 kHz. The observed poly AT DEP experiment attributed to electrical transport 
through DNA molecules occurs by polaron-like effects and behaves as an n-type 
semiconductor (negatively charged ion). A polaron is a quadsiparticle composed of 
charge and its accompanying polarization field (Jun, et al., 2009; Yoo, et al., 2001). 
At higher conductivities the model of the response falls sharply approximately as 
poly GC. The sign o f surface charge on the conductivity from 7.5 mS/m to 25 mS/m 
is shown in the model response. Both DNAs were observed to collect close to the 
electrode edge and the centre o f the electrode surface. Therefore, a forming region 
of higher DNA concentration is due to surface charges on DNA molecules (Hughes, 
Flynn, & Morgan, 1999).
As a discussion, the DEP crossover methods have been shown to be capable in 
measuring the dielectric properties of DNA molecules. To analyse the polarisability 
o f poly AT and poly GC, the characteristic o f electrical double layer o f DNA 
molecules interaction o f the electrons stacking in the base pairs along the helix of 
the DNA are considered. The trapping behaviour of poly AT and poly GC 
molecules can be explained as demonstrated by Hughes et a l o f DEP properties o f 
sub-micrometre particles are dominated by surface conductance effects (Hughes, 
Morgan, & Rixon, 2002). The surface conductance can be isolated into two
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independent components, a component through the Stem layer and another through 
the diffused part of the double layer. For a spherical particle, Op can be written as;
(Jp — CpJjulk +  (4-1)
where cTp buik is the conductivity through the article, and Kl and K f  are the 
conductance due to the stem and diffuse part o f the double layers, respectively with 
r is the radius of the particles. The Stem layer conductance depends on the surface 
charge density o f the particle. The diffuse double layer conductance is related to the 
concentration of ions of the zeta potential (Q and the suspending medium 
conductivity. More than that, the phosphate groups on the sugar-phosphate o f DNA 
molecules are negatively charged. This charge was related to poly AT and poly GC 
DNA as the diffuse double layer went through the DNA strand. (Suzuki, et al., 
1998).
Therefore, the conductance through the DNA molecules and the Stem layer are 
more or less indistinguishable when the particle is as small as DNA (Hughes, et al.,
2002). As adenine is more conductive than guanine, electron in adenine DNA 
should be able to polarise at higher frequency. At the lower frequencies, the DNA 
molecules are found to be less conducting. This is probably why the poly AT DNA 
crossover frequencies higher than poly GC DNA. By using a MATLAB 
programming (adapted from Hughes, 2003) the values used in the modelling were 
taken from the properties of media and DNA as follows: medium conductivity of 
KCl, (Tm = 78, poly AT permittivity, £p = 60, poly GC permittivity, £;, = 30 and r  = 
25 nm.
4.3.6 Conclusion
The dielectrophoresis technique has been used to characterise the dielectric 
properties of DNA. Through MATLAB modelling the poly AT and poly GC as a
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sphere and rod like particle; both data have a surface conductance, Æy = 0.015 nS 
and 0.6 nS. The zeta potential (electrokinetic potential) for poly AT and poly GC 
are  ^ = 0.055 mV and 0.037 mV. Moreover, surface conductance o f DNA 
(oligonucleotide) from Xu et al. work (0.1 pS) was higher than poly AT and poly 
GC DNA (Xu, et al., 2004). Gagnon et al. demonstrated their work on DNA 
(oligonucleotide) zeta potential values was 26.45 ± 0.6 mV (Gagnon, et al., 2008). 
This new and low cost technique allows for the systematic characterization of 
polarizability for DNA. Furthermore, we reported that poly AT and poly GC DNA 
have direct implications to future biotechnological application.
4.4  D E P  Im p ed an ce  S p ectroscop y  o f  N an op artic les  u sin g  N on -  
A q u eou s M ed ia
4.4.1 Introduction
This study investigates nanowires using DEP in non-aqueous suspension of 
SWNTs, ZnO and SnO] nanoparticles dispersed in DMF and BMIM-OTf. The self 
assembly o f nanowires in DEP impedance spectroscopy can be determined. In this 
work, dielectrophoretic method was used to measure inorganic molecules for 
estimating the permittivity and conductivity characteristic of the nanowires. 
Aqueous media such as salt solution has been dominating the transport o f SWNT, 
which are the wire growth threshold depend on applied voltage (Krupke, et al., 
2003). While DEP assembly of nanowires depends on applied frequency, the 
applications of dielectrophoretic collection are measured using impedance 
spectroscopy.
An ionic liquid is a salt in the liquid state. They are also composed entirely o f ions 
and have wide range of solvent properties. Their unique properties include non­
volatility, high polarity because o f their ionic nature and ability to dissolve in polar
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or non-polar materials (ability to transfer the electric effect) (Wasserscheid & 
Welton, 2003). Ionic liquids are considered alternative solvent as environmentally- 
safe and versatile. DEP can be employed for particle manipulation in non-aqueous 
solvent of BMIM-OTf. Their dielectric suspension offers the opportunity to exert 
much stronger DEP force on the nanoparticles through the application of AC 
voltages. Thus, in this thesis, the combinations of DEP and impedance spectroscopy 
are presented to provide a rapid and reliable measurement of dielectrophoretic 
collection of nanomaterials.
4.4.2 Preparation o f M aterials
The DEP manipulation of nanoparticle was carried out on quadrupole electrode o f 
gold (Au) microelectrodes on glass substrates. The microelectrodes gap is 8 pm. 
SWNT (50-70% carbon basis. Diameter: 10 nm. Length: I pm), ZnO (nanopowder, 
<100 nm particle size) and Sn0 2  (nanopowder, <100 nm particle size) were 
obtained from Sigma-Aldrich Company Limited, UK. The N,N-Dimethylfbrmamide 
(HC0 N(CH3)2) has been used as a medium of conductivity for all the nanoparticles. 
This ionic solvent was purchased from the same company. The nanoparticles were 
suspended in 25 ml of HCON(CH3)2 containing SWNT: 0.0106 g, ZnO: 0.0125 g, 
Sn02: 0.0135 g) then sonicated for 30 minutes. The sample was mixed briefly using 
rotamixer for 30 seconds (Tucker Company Limited, UK).
In BMIM-OTf experiment, the inorganic nanoparticles were weighted: 0.20 mg/ml 
of SWNT, 2.34 mg/ml of ZnO and 2.13 mg/ml o f Sn02 were suspended with 
BMIM-OTf (Sigma Aldrich, UK) in each sample. A 10 ml suspension was then 
stirred with rotamixer (Tucker Company Limited, UK) for 30 seconds and sonicated 
for at least 30 minutes.
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4.4.3 Experim ental Setup
NumetriQ Impedance Analyser PSM1735 interfaced with Impedance analysis N4L 
via RS232 connected to personal computer (PC) using serial cable to CommVIEW 
version 1.15 (Newtons4th Company Limited, UK) has been used to analyse 
nanoparticles. The data o f resistance of the intereleetrode gap at I second intervals. 
The analyser PSMI735 measurement was done by applying 10 Vp.p, at five per 
decade between 100 Hz and 6.3 MHz. The data analysis process began prior to the 
SWNT samples being placed on the electrodes and continued for typically 3 
minutes. The time constant o f the change o f resistance as a function o f time was 
then acquired. The same procedure has been applied with ZnO and Sn02 
nanopartieles. The whole experiment was repeated three times to verify the 
consistency of the results.
Moreover, the experiments o f BMIM-OTf were using miero-tip 8 pm electrode to 
employ positive DEP forces. The work concentrates on nano-partieles into focused 
electrode gap (bridge). The wiring configuration was similar previous experiment 
(impedance measurement with DMF). Then, the NumetriQ phase multimeter and 
impedance analyser were calibrated and setup. Low frequency dieleetrophoresis was 
employed and the frequency was set to 100 Hz with 5 Vp.p. A drop o f the 
nanopartieles suspension (5 pi) was applied to the middle of paired quadrupole 
electrode after 30 seconds. The time constant o f the change of resistance as a 
function of time was obtained after 200 seconds. A typical deposition time o f 5 
minutes was then followed by rinsing sample with methanol and gently blowing the 
drop off the surface. The experiment was repeated on needle-shaped electrodes 
energized with a 5 Vp.p with frequencies of five per decade between 100 Hz and 630 
kHz.
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4.4.4 Experim ental Results
Single-Walled Carbon Nanotubes
Figure of 4-5 shows a representative selection of impedance versus time data. Two 
types were formed clearly indicate that initial resistance dropped after 30 seconds 
and then followed by an exponential decrease to a stable value at 200 s. The highest 
values of SWNT impedance were measured from 100 Hz at 14 xlO'^ Q to 630 kHz 
at 0.2 xlO '^n.
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Figure 4-5: Plot of SWNT with N,N-Dimethylformamide o f impedance as a function o f time
The reciprocal collection time constant as a function of frequency with the predicted 
value using model of DEP collection is plotted with three populations. The velocity 
of SWNT particles passing through a volume is directly proportional to the value of 
the real part of the Clausius-Mossotti factor.
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SW N T  with N, N-D im ethy Iformamide
3.5
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(metallic)2.5
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(semiconducting)
0.5 Population 3 
(bimetallic catalyst)
F req u en cy  (Hz)
Figure 4-6: Plot o f SWTVT with N,N-Dimethy!formamide on reciprocal collection time constant as a 
function o f frequency with the predicted value using model o f the dielectrophoretic collection
The time constant is inversely proportional to the force of DEP collection 
population of impedance. As Figure 4-6 shows, three populations of SWNT are 
visible. The solid line represents the perfect fit to determine the net frequency 
dependent SWNTs collection. Three population of impedance appeared on 
semiconducting of SWNT metallic and carbon properties. Krupke et a l 
demonstrated the separation of metallic/carbon and have shown that their behaviour 
of SWNT has to be two physical characters (Krupke, et al., 2003a). Following from 
KrupkeN work, SWNTs were modelled as spheres to account for the transport of 
electrons in a medium with negligible electrical resistivity due to moving particles. 
In order to model rod-shaped nanopartieles, a thin ellipsoids approach has been used 
for modelling. DEP collection on third population (40 kHz - 630 kHz) was 
structured from the residues of Nickel and Yttrium catalysts, and indicates 
permittivity of 36.7eo at a low medium of conductivity of 1.96 mS/m after a
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spherical model has been used. Wang et al. reported the effects of bimetallic 
catalyst (Nickel/Yttrium) affected by the concentration of SWNT. The metallic and 
semiconducting SWNT shows energy difference when they were mixed with 
catalyst (Wang, et al., 2002). The relative population can be determined from the 
spectra of plot reciprocal collection time constant. The eontributions of population 
indicate that 75.8 ±0.5% of metallic, 13.1 ±0.1% of semiconducting and 11.1 ±0.1% 
of bimetallic catalyst.
In order to validate the results of SWNT, the purification of SWNT using nitric acid 
treatment has been done. After the treatment was completed, a repeat experiment 
was conducted. Purified SWNTs from the experiment was interpreted and the result 
shows that, it is very clear that two populations were there. The characteristics of 
metallic and semiconducting were shown as in Figure 4-7. The permittivity for 
population 1 is 58.3eo and 53.3^0 is for population 2. Further eontribution of relative 
population is 76.8 ±0.5% and 23.1 ±0.1% respeetively.
Purified S W N T  with N, N -D im ethy Iformamide
Population 1 
(metallic)
w
0.6
0.4
Population 2 
(semiconducting)0.2
F req u en cy  (Hz)
Figure 4-7; Plot o f purified SWNT with DMF on reciprocal collection time constant as a function o f 
frequency with the predicted value using model of the dielectrophoretic collection
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Zinc Oxide Nanonowder
The plot of ZnO nanopartieles of impedance as a function of time (Figure 4-8) 
depicted that at the highest of value indicate that initial resistance dropped after 30 
seconds was followed by an exponential decrease to a stable value at 200 seconds.
The ZnO impedance of lOOHz is 10 xlO'^ Q, 160 Hz is 8.2 xlO'^ Q, 1 kHz is 5.8
10 '\ 10 kHz is 2.2 X 10 ' n  and 2.5 MHz is 0.2 x 10 ' Q.\-7 -7
X 10 Impedance V s Time
Figure 4-8: Plot of ZnO with N,N-Dimethylformamide o f impedance as a function of time
The plot of reciprocal collection time constant as a function of frequency with the 
predicted value using model of the DEP collection represents the ZnO experimental. 
The solid line is a fit to the data for two populations using a MATLAB model as 
shown in Figure 4-9. Population 1 and population 2 with superimposed to determine 
the net frequency-dependent ZnO collection. The velocity of ZnO particles passing 
through a volume is directly proportional to the value of the real part of the
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Clausius-Mossotti factor. The characteristic of ZnO as metallic and semiconducting 
indicates that ZnO effects on the permittivity at 63.3eo and 48.3eo when a spherical 
and rod model have been applied. ZnO further relative population are 71.2 ±0.1% 
and 28.8 ±0.1% respectively.
Single crystalline zinc oxide and chemical element utilized the DEP of nanowires 
assembly. The gap distance and highly voltage dependent are the main element to 
determine the measurement of zinc oxide (Wang, et al., 2007).
ZnO with N,N-Dimethyiformamide
3 .5
2 .5
Population
(metallic)
0 .5
Population 2 
(semiconducting)
Frequency (Hz)
Figure 4-9: Plot of ZnO with N,N-Dimethylformamide on reciprocal collection time constant as a function 
of frequency w ith the predicted value using model o f the dielectrophoretic collection
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Tin flV) Oxide Nanopowder
The plot of reciprocal collection time constant as a function of frequency with the 
predicted value using model of the DEP collection represents the SnO] experiments 
as shown in Figure 4-10. The velocity of SnO] particles passing through a volume is 
directly proportional to the value of the real part of the Clausius-Mossotti factor.
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Figure 4-10: SnO^ with N,N-Dimethylformamide of impedance as a function o f time
Figure 4-11 shows the two populations from the measurement of SnO] nanowires 
that can be identified. The circle represents reciprocal collection time constant data 
and the solid lines are the best fit for the two populations. Thus, two characteristics 
of the results were obtained. SnO] have n-type semiconductor (repelling electric 
fields) properties and ceramic as insulator. In order to obtain a set of parameters that 
has been used to model semiconducting SnO] either as spheres or rod, both models 
have been demonstrated by Mihaiu et al. in 2003 as SnO] has a crystal structure of 
ceramic and their electronic properties (Mihaiu, Scarlat, Aldieaa, & Zahareseu,
2003). For the spherical model, the semiconducting SnO] has conductivity of 182 
mS/m, and for the rod model, 4.47 mS/m. As with the conducting SnO], the model
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indicates population 1 and population 2 permittivity are 53.3eo and A6.1eo 
respeetively. Their relative population are 73.2 ±0.5% and 26.8 ±0.1% respeetively.
Sn O p  with N, N -D im eth y Iform am ide
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(metallic)
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Figure 4-11: Measured impedance o f SnO^ with N,N-Dimethylformamide on reciprocal collection time 
constant
4.4.5 D iscussion
The population of nanopartieles for DEP exerted on a tube of micro tip electrode as 
shown in Table 4-5 are calculated from the MATLAB programme. Equation 4-1 
(Mureau, et al., 2006) describes the dieleetrophoresis forces to determine single­
walled earbon nanotubes for a sphere to an inhomogeneneous electrie field E, V is 
the differential vector operator, and are the complex permittivity of the 
particles and medium, respectively, e  * = s -  j ( a / « ) ,  where e is the permittivity, o  is 
the angular frequency of the applied field, j and Re is the real part
respectively;
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P s p h e r e  =  Re [ 4 t ^ ]  VE^
t p +  ^ fcn i
For the prolate ellipsoid with major axis rj and minor axis the force is given by: 
F r o d  =  Re [ ^  ] VE2 (4-2)
(4-1)
Which depends on relative magnitude of Sp* and which are in turn related to co, 
the DEP force acting on a particle can cause it to move either forwards or repels 
from high-field regions at electrode edges.
The plot o f reciprocal collection time shows that, each population contains dielectric 
dispersion whieh is visible to behave as semiconductor, metallic and bimetallic. 
This is consistent with behaviour that would be expected for a heterogeneous mix of 
nanomaterials properties. In order to obtain the properties of homogeneous 
nanopartieles in the absence o f surface conduction effect, the calculation of 
Clausius-Mossotti factor for the frequencies using the MATLAB program is defined 
in appendix (section 7.2). Table 4-5 shows the populations o f nanopartieles for the 
DEP.
Table 4-5; The populations (POP) of nanopartieles for the DEP exerted on a tube of micro-tip 
electrode shape using DMF solvent with relative standard deviation
Impedance measurement with N,N-Dimethylformamide (DMF) using 
MATLAB Programming
SWNT Purified
SWNT
ZnO SnOi
POP-1 POP-2 POP-3 POP-1 POP-2 POP-1 POP-2 POP-1 POP-2
So
66.7
±4.3%
36.7
±7.8%
53.3
±5.4%
66.7
±4.3%
53.3
±5.4%
56.7
±5.1%
48.3
±5.9%
53.3
±5.4%
46.7
±6.2%
a
(mS/m)
195
±0.9%
1.96
±0.5%
28.3
±2.2%
193
±1.9%
29.3
±0.7%
181
±2.5%
4.43
±0.7%
164
±2.2%
4.5
±1.5%
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Furthermore, AC polarization eauses in a potential drop aeross the eleetrode 
interface. As a result, the voltage potential of medium conductivity experience as 
less than that whieh is applied to the electrodes. Moreover, AC polarization reduces 
the threshold electrie field potential aeross the gap whieh in turn reduces the 
dielectrophoretic trapping. Therefore, Figure 4-12 shows a circuit model of 
capacitance of the electrode-eleetrolyte interface for nanopartieles. The total 
resistance (R j) values change when nanopartieles are manipulated by DEP bridge 
gap between the electrode surfaces.
! Double layer Electrolyte Double layer
“background'' conduction
Figure 4-12: Effective circuit model for BSA trapped using DEP between electrodes. Adapted from Zheng 
et aL (Zheng, Brody, & Burke, 2004)
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4.4.6 Experim ental Results of BM IM -O Tf
Single-Walled Carbon Nanotube
The challenge of achieving the bridging of SWNT across electrodes provide further 
understanding when using a technique based on dieleetrophoresis deposition as 
developed by Krupke et a l (Krupke, et al., 2003b). As such a setup in two-point 
resistance geometry has been presented, the electrical measurement of impedance 
was observed. The SWNT is placed on top of Cr/Au layer where ends lie on it. This 
Cr/Au configuration normally displays much higher contact resistance for metallic 
and semiconducting SWNTs are measured for the designed micro-tip electrodes. 
Metallic SWNTs displays a resistance from the measurement of impedance using 
NumetriQ analyser.
S W N T  with BMIM-OTf
4.5
3.5
Population 1 \
(metallic) o\-  2.5
o
Population 2 
(semiconducting)
0.5
F req u en cy  (Hz)
Figure 4-13: the impedance measurement of purified S \\'N T sw ith  BMIM-O Tf
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The plot o f the reciprocal collection time constant shows the behaviour o f a 
heterogeneous mixed. Figure 4-13 shows the solid line that represents the best fit for 
two populations of SWNT on semiconducting and metallic. A spherical model 
indicates conductivity of 208 mS/m and 9.1 mS/m for rod model of SWNT. The 
dielectric dispersion centered approximately at 1 kHz and 16 kHz. Meanwhile, a 
relative permittivity is 66.1so for population 1 and 48.3gg for population 2. Their 
further relative population is 73.3 ±0.5% and 26.7 ±0.1% respectively.
The time constant is inversely proportional to the force of DEP collection 
population of impedance. This observation strongly suggests a sequential assembly 
mechanism of SWNT at the gap between the electrodes under AC electric fields.
Zinc Oxide Nanopowder
The alignment behaviours of ZnO nanowires suspended in BMIM-OTf using 5 Vp.p 
with 100 Hz - 630 kHz were performed. The nanowires were well trapped and 
aligned between the electrodes gap. The observations using AC field shows that, 
increased number of aligned wires with increasing of frequency. As the frequency 
effects the quality of alignment, whereby at higher frequencies, the wires aligned 
are more uniform and perpendicular to the electrodes. Raycaudruri et a l  in 2009 
reported that at higher frequencies, nanowires are more inclined along the direction 
of the electric field gradient rather than electric field lines, resulting in the bridging 
of nanowires between two electrodes (Raychaudhuri, Dayeh, Wang, & Yu, 2009).
The plot of reciprocal ZnO was fitted with a collection time constant as a function 
of frequency with the predicted value using model of DEP collection. The velocity 
of ZnO particles passing through a volume is directly proportional to the value o f 
the real part of the Clausius-Mossotti factor resulting of two populations. The
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MATLAB program and parameters of ZnO internal properties were used to 
determine the permittivity and conductivity o f ZnO.
ZnO with BMIM-OTf
2.5
Population 1 
(metallic)
0.5
Population 2 
(semiconducting)
Frequency (Hz)
Figure 4-14: The measured ZnO of impedance on reciprocal collection time constant
ZnO is a naturally n-type semiconductor and its electronic properties strongly 
depends on the oxygen deficiency and their nanostructures (Lao, et ah, 2006; Liu, et 
ah, 2006). The observations from the experiments have been done when ZnO was 
placed between two Cr/Au electrodes. The measured conductivity changes on the 
samples as a function of the time are shown in Figure 4-14. The solid line indicates 
the best fit for two populations. It was found that the conductivity dropped almost 
linearly with increasing frequency when the ZnO was exposed to air. A spherical 
model was found to provide a good fit for the conducting ZnO. A conductivity of 
ZnO is 242.3 mS/m and 10.6 mS/m for population 2 using rod model. Permittivity
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of population 1 is 61.1 so and 53.3eo for population 2. Their further relative 
population is 75.2 ±0.5% and 24.8 ±0.1% respectively.
Moreover, ZnO manipulation and assembly based on dielectrophoretic forces in AC 
voltages were demonstrated for metal and semiconducting nanopartieles. It is also 
found that the electric field induces charge separation due to polarization that 
generates a dipole moment. When the electric field is nonuniform, a dielectric force 
produced in the direction of the highest field density acts on the polarized form.
Tin (IV) Oxide Nanopowder
The two populations from the measurement o f SnO] nanowires have been 
identified. The characterization o f Sn02 with BMIM-OTf has been recorded. The 
tin oxide crystal structures and their electronic properties made the changing o f the 
impedance measurements. The solid line indicates the best fit for two populations of 
Sn02. The dielectric dispersion shows the behaviour of heterogeneous mix of 
metallic and semiconducting Sn02 (Figure 4-15). Spherical models were assigned a 
conductivity o f 200 mS/m and 9.8 mS/m for rod model. Parameter o f permittivity 
for population 1 is IX.lso and 5\.leo  for population 2. The conductivity o f their 
further relative population is 79.2 ±0.5% and 20.8 ±0.1% respectively.
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SnOg with BMIM-OTf
2 .5
Population
(metallic)
0 .5 Population 2 
(semiconducting)
Frequency (Hz)
Figure 4-15: The plot o f SnOj impedance on reciprocal collection time constant
4.4.7 Discussion
The assembly of nanowires in between electrodes is essential for making useful 
devices. The growth of nanobridges of SWNT, using DEP is a potential solution. A 
positive DEP on the micro-tip electrode was demonstrated. The ionic liquids of 
BMIM-OTf have been characterized two populations from the measurement of 
SWNT nanowires. A plot of reciprocal collection time constant shows two 
dielectrics dispersion centered approximately at 5 kHz and 15 kHz for SWNT, ZnO 
and SnO]. Thus, two characteristics o f the results have been known for 
nanomaterials on BMIM-OTf.
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SnO] can be formed as a ceramic insulator, or a crystalline, n-type semiconductor. 
A spherical model for the semiconductor Equation 4-1 was used. Equation 4-2 was 
used to determine rod model of metallic Sn02. The electrical conductivity of the 
absolute ionic liquids was used for suspending the SnO] in the experiments. These 
conductivity values together with permittivity values from the literature were used 
to model the data fit. Therefore, SnO] with uniform dielectric properties, negative 
DEP is not found for the frequency range employed. In the low frequencies range, 
the electrical conductivities of Sn0 2  and the ionic solvent determine the 
dielectrophoretic force. When the high frequencies were applied the permittivity 
influences the dielectrophoretic force of Sn02. This characteristic presents the basic 
polarization mechanism involved in the DEP phenomenon depending on the applied 
AC voltage. The existence of depletion layers on the surface of metal oxide 
semiconductors (crystalline) of Sn02 has been presented in Chapter 2 (section 
2.7.5).
The anion ionic liquids contribute to the polarizability of nanowire assemblies. This 
feature can be used to characterize the particles. The anions at the medium 
conductivity interface were in homogeneous environment (Iwahashi, et al., 2008). 
The nanowires have been assembled between electrodes gap from their non-aqueous 
solution via DEP. The mechanism causing field enhancement was assumed when 
electrode at the tips of growing leads to an increase the electric field applied.
It can be hypothesized that the time taken for the impedance to change is due to the 
collection o f nanowires is inversely proportional to the force behaving on those 
tubes. Therefore, the reciprocal o f the time constant indicate the magnitude of the 
force. Over a population of nanowires, the reciprocal of the time constant also 
indicates the relative population of subpopulation nanowires.
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Table 4-6: The populations (POP) of nanopartieles for the DEP exerted on a tube of micro tip 
electrode shape using BMIM-OTf solvent with relative standard deviation
Impedance measurement with BMIM-OTf using MATLAB 
Programming
Purified SWNT ZnO Sn02
POP-1 POP-2 POP-1 POP-2 POP-1 POP-2
Permittivity
£o
71.7
±4.0%
56.7
±5.1%
66.7
±4.3%
53.3
±5.4%
68.3
±4.2%
51.7
±5.6%
Conductivity 
o (mS/m)
208
±1.4%
9.1
±7.1%
242.3
±6.1%
10.6
±4.7%
201
±2.2%
9.6
±1.3%
4.4.8 Comparison o f DM F and BM IM -O Tf Ionic Liquids
In comparison, there are successful assembly o f various nanomaterials using DEP 
technique on the DEP impedance spectroscopy. From the observation in ionic 
liquids BMIM-OTf compared to the organic solvent DMF, the extraction efficiency 
was found to be higher than DMF when it was used in this work. Their permittivity, 
electrical conductivity and viscosity have been investigated as BMIM-OTf highly 
sensitive to temperature and conductive material (Hapiot & Lagrost, 2008).
Table 4-6 shows conducting nanopartieles. Modelling indicates that particles 
suspended in BMIM-OTf have a lower effective permittivity than those suspended 
in DMF. It can be seen that impedance o f SWNT increase with permittivity for the 
both population o f 5so for conducting and 5Aso for semiconducting. This behaviour 
indicates that the role of nanowire is more conductive for DEP of inorganic particles 
using ionic liquids. On the other hand, for the ZnO and SnO] conducting, the 
permittivity is found to be between 53.3eo and l \so  for population 1 and 46.7eo to 
53.3go.fbr population 2. The catalyst of bimetallic SWNT in population 2 may
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decrease the effect of SWNT behaviour. Permittivity of ZnO and Sn02 of 
population 2 is about Aso as the crystalline semiconductor is influenced by polarized 
particles. Notably, this permittivity is considerably higher than the value o f SWNT 
using aqueous o f AQeq as reported by Mureau et a l (Mureau, et al., 2006). This 
clearly shows that the enhanced performance and conducting of the BIMIM-OTf 
compared to DMF in non-aqueous solvents. This also suggests the addition of 
specific amount nanopartieles is expected to play an important role in impedance to 
the conducting o f particles in DEP system.
Moreover, the results on conductivity of DMF and BMIM-OTf represent the solvent 
as the medium of conductivity. The maximum conductivity of nanopartieles can be 
seen on purified SWNT of 208 mS/m which is nearly the same value as ZnO 201 
mS/m when using BMIM-OTf ionic liquids. The minimum value conductivity of 
this work indicates SWNT using DMF is 1.96 mS/m. Therefore, high o f ionic 
liquids has an impact on conductivity because high salts usually give high 
conductivity (Clarke, et al., 2007).
The overall o f population 1 and population 2 corresponds to in ZnO and Sn02 of 
their permittivity and conductivity due to crystalline structure of semiconducting 
oxide. Particles in non-aqueous media have a higher apperent conductivity and 
permittivity than those suspended in aqueous media (Mureau, et al., 2006). It can be 
suggested that the effects of dielectric property of DMF is higher than Triton X-100 
give the differences o f permittivity and conductivity of solution (Kang, et al., 2009).
4.4.9 Conclusion
In conclusion, the successful assembly o f various nanomaterials using DEP 
technique on the micro-tip electrode has been presented. Based on the experiment, 
the assembly of nanomaterials for performing dielectric spectroscopy mainly 
depend on the voltage, frequency and solution density. The dielectric characteristic
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of nanomaterial has been determined. DMF is an eminently suitable solvent with a 
high molecular weight, high dielectric constant and good electron donor (charge 
transfer) properties.
In addition, it is possible to use DEP to manipulate nanowires across electrode gaps 
in non aqueous solutions of BMIM-OTf. Impedance measurements o f the nanowires 
have been characterized for SWNT, ZnO and SnO]. The ability of nanowires 
interact with DEP manipulation with real time measurement provides a technique 
for automated collection of nano wires. The time response and frequency applied are 
important because changes in ionic strength may lead to slow changes in the 
background signals. To accomplish this experiment in ionic liquids solvent is 
significant due to salt concentration in this range are typically needed for 
biomolecular recognition. Hence, the ability to perform dielectric properties in 
BMIM-OTf solvent is expected to enable the development of new types of 
bioelectronic devices applications.
4.5  D E P  Im p ed an ce  S p ectroscop y  o f  P rotein
4.5.1 Introduction
Since the micro-tip electrodes have been capable to assemble o f nanowires 
inorganic particles, the experiment was then employed for protein manipulation. 
The response o f a process occurring within a material or interface toward applied 
voltage is characterised. DEP impedance spectroscopy was able to convert the 
response of several processes from a time constant to frequency-related information. 
This technique is based on applying AC potentials across to electrode gap with 
different frequencies. Moreover, by analyzing the variations as a function of 
frequency, properties of resistance of the DEP system were obtained. The electronic
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characteristics of protein were also obtained with analysing their differential of 
impedances.
4.5.2 Preparation o f Nanopartieles Experim ents on BSA
The experiment preparation was based on the description by Lapizco-Encinas et al. 
(Lapizco-Encinas, et al., 2008) Solutions o f bovine serum albumin (30 mg) were 
prepared by dissolving into 3 ml sodium carbonate (NaiCOs) buffer. 8 mg 
ammonium chloride (N H 4 CI) was added and the solution is incubated for 2 hours at 
4°C. Finally, 120 pi glycerol were mixed into protein solution to enhance stability. 
All of the items were purchased from Sigma-Aldrich UK.
The protein solution is then filtered by Millipore membrane 0.22 pm with 5 ml 
syringe. The pH of this solution was adjusted to a value between 8.0 to 9.0 by 
adding NaOH. Twelve samples were prepared at various conductivities to 
investigate their behaviours.
4.5.3 M aterials and M ethods
In this DEP impedance spectroscopy o f protein, the same electrode configuration 
was used as previous experiment (impedance measurement with BMM-OTf). Then 
the NumetriQ phase multimeter and impedance analyser were calibrated and setup. 
A fi-equency dieleetrophoresis was employed and was set for 100 kHz to 16 MHz 
with 5 Vp.p. A 5 pi drop o f the BSA solution was deposited to the middle o f paired 
micro-tip electrode after 30 seconds. The time constant o f the change o f resistance 
as a function o f time was recorded after 300 seconds. A typical deposition time o f 5 
minutes was then followed by rinsing the sample with methanol and gently blowing
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the drop off the surface. The experiment was repeated on needle-shaped electrodes 
with frequencies of five per decade.
4.5.4 Experim ental Results
Figure 4-16 shows the measured impedance magnitude from 100 kHz to 16 MHz 
with AC potential of 5 Vp.p. This procedure was repeated after each addition of 
BSA and three-dimensional plot was constructed to show the dependence of 
differential 1 / T (S"') on the frequency and conductivity of medium.
DEP of BSA Im pedance M easurem ent
Conductivity (mS/m) iqo
10® Frequency (Hz)
Figure 4-16: A three-dimensional plot o f  differential 1 / T  on the frequency and conductivity o f medium
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D E P  o f B S A  Im pedance M easu rem en t
250
300 10 F req u en cy  (Hz)
Conductivity (m S/m )
Figure 4-1 7 : A  1 /  T  as a function o f the frequency and medium conductivity
Three dimensional plot of BSA impedance shows (Figure 4-17) the marginals plot 
of 1 /t  as a frequency and medium conductivity. The observation of all the samples 
indicates that, the Population 1 contributes the value of permittivity from 5.5so, 
peak at lOe^ and end at A.Sso of medium conductivity 2.18 mS/m. In the following 
Population 2 indicate the value of permittivity which starts from 2.5so, peak at 100 
mS/m medium conductivity and ending at the same value of 1.1 mS/m. This is 
consistent with behaviour of heterogeneous mix of amino acid and globular protein 
contained in BSA (Curvale, 2009). Moreover, Hartvig et a l work shows the 
permittivity value of BSA was 3.5so through electrochemical capacitance 
measurement (Hartvig, et al., 2012).
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BSA Impedance at 1.1 mS/m Conductivity
P opu la tion  1 
(D E P)
Popu la tion  2 
(o rien tation)
0.4
0.2
Frequency (Hz)
BSA Impedance at 100,0 mS/m Conductivity
2.5
P opulation  1 
(D E P)
0.5
P opu la tion  2 
(o rien tation)
Frequency (Hz)
4-18: The plot o f BSA impedance at 1.1 mS/m and 100 mS/m conductivities
Figure 4-17 shows the time constant is inversely proportional to force of DEP 
collection population of impedance. Two populations of characteristic BSA were 
visible, the dielectric loss factor and the reaction of buffer (NazCOg) in solution.
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This result was demonstrated by Bone et a l (Bone, Lewis, Pethig, & Szent- 
Gyorgyi, 1978). Moreover, the other parts of plotted BSA impedances can be found 
in appendix.
DEP impedance spectroscopy is a technique in which the working electrode is held 
at a specific AC sinusoidal signal of amplitude. A certain frequency is applied 
across the electrode. The impedance of the system is the ratio o f the excitation 
signal and measuring the response in terms o f the value of impedance. The 
impedance of different processes in the system can then be determined on the basis 
o f their corresponding different time constants. The impedance response o f each of 
these elements is characterized by the corresponding phase angle, value of 
resistance, capacitance and inductance. These values were not obtained directly by 
the measurement, but rather through MATLAB modelling o f the resulting plot 
impedance. The impedance is represented in real part, as the impedance is 
associated with the response related to the purely resistive behaviour (phase angle is 
zero).
4.5.5 Discussion
Figure 4-17 shows in different position of three dimensional plot of BSA. The effect 
of changing the dispersion can clearly be assigned to the orientation of particle at 
the low frequency. According to Grant and Pethig (Grant, 1966; Pethig, 1992) the 
characteration of relaxation time of dielectric dispersion can be calculated as:
_ (£ o -g ')
P
where, so is dielectric constant, p  is relaxation of protein molecules and /  is 
frequency respectively. A Maxwell-Wagner interfacial polarization is that o f a 
parallel plate capacitor comprised of two dielectrics differing its thickness, 
permittivities and conductives. The overall effect of each o f these polarisation
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process (orientational and interfacial) is to produce a number of dispersions and in 
the dielectric permittivity of the DEP system.
Grant identified a dielectric dispersion in bovine serum albumin and suggests that 
orientation dispersion occurs at 400 kHz due to the relaxation of protein molecules 
(Grant, 1966). Figure 4.9 shows that dispersion effects a 400 kHz exhibit orientation 
o f protein molecules. However, the orientation dispersion should not be affected by 
the conductivity of the medium, but this dispersion does appear to change around 
100-150 mS/m, indicating that this dispersion might not be an orientation 
dispersion.
DEP dispersions can be affected by conductivity when a low frequency dispersion 
seen in the collection of nanopartieles (Hughes & Morgan, 1998); in particular, 
there is a ‘resonant conductivity’ where the conductivity o f the particles increases at 
a certain medium conductivity. This kind o f resonant frequency was observed at 100 
-  150mS/m in the BSA data, indicating that the dispersion in population 1 can be 
considered as DEP and dispersion in population 2 is orientation. The DEP 
dispersion is therefore, caused by the polarisation of the double layer around the 
molecules, and the ‘resonance’ occurs because the double layer becomes thinner 
and contains a higher charge density at higher medium conductivities. ‘Population 
2’ is instead linked with the orientation o f the molecule. This is at a higher 
frequency than expected, and future work might be required to clarify this.
The further relative populations o f the BSA contribution of population contains 59.6 
±1.0% average of amino acid modelled as prolate ellipsoids. If the spherical model 
used, the proportion of 40.4 ±0.5% average o f globular protein.
According to de Levine et a l, aqueous electrolyte solutions are ionic conductors. 
Consequently, at the interface between an electrode and an aqueous electrolyte 
solution, there is mismatch in the type of charge carrier used. In the absence o f 
chemical mechanism to convert one type o f charge carrier into the other, the 
interface behaves as a capacitance (Levine & Neale, 1974). Moreover, AC
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polarization reduces the threshold electric field potential across the gap which in 
turn reduces the dielectrophoretic trapping.
Table 4-7: The populations of BSA for the DEP exerted on a tube of micro-tip electrode shape
BSA Impedance Modeling using MATLAB
Sample Population 1 Population 2
No Conductivity
(mS/m)
Permittivity
Go
Conductivity
(mS/m)
Permittivity
Go
Conductivity
(mS/m)
1 1.1 5.5 0.075 2.5 0.015
2 3.2 5.6 0.081 2.6 0.016
3 5.6 5.7 0.091 2.7 0.018
4 10.0 5.8 0.098 2.8 0.020
5 20.0 5.9 0.102 2.9 0.022
6 31.0 6.0 0.901 3.0 0.025
7 63.0 7.5 0.957 3.5 0.024
8 100.0 10.0 0.145 5.0 0.045
9 125.0 8.5 0.135 4.5 0.035
10 175.0 6.5 0.130 3.5 0.030
11 221.0 5.5 0.125 3.0 0.025
12 281.0 4.5 0.115 2.5 0.015
The experiments were performed in a medium from a low to high conductivity. For 
simplicity the analysis of the protein DEP measurements, MATLAB modeling is 
used to characterize their behaviour. Equations 4-1 and 4-2 have been applied to 
determine the BSA properties.
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4.5.6 Conclusion
In this experiment, the effects of DEP manipulation on BSA were used to 
investigate its dielectric properties. The electrical impedance based on the time 
function could be used as a rapid label-free approach to distinguish the protein 
characteristics. As presented in this study, the impedance o f the electrode­
electrolyte interface and the electrochemical effect (polarization of the electrode) 
allowed the two populations to be distinguished. Thus, DEP impedance 
spectroscopy o f protein has been successfully demonstrated as a viable technique to 
assemble nano-sized objects of BSA. However, the principle should also be 
applicable to measure other proteins.
4.6 Summary
As summary for this chapter, as demonstrated a model o f DNA and protein trapping 
that link results reported in the available literature by Washizu (Washizu & 
Kurosawa, 1990) and Lapizco-Encinas (Lapizco-Encinas, et al., 2008). The 
MATLAB modelling more completely defines the process space by accounting for 
frequencies between low and high as studied by Hughes (Hughes, 2003). It was 
observed that DNA exhibits both negative and positive DEP dependent upon 
frequency and medium of conductivity.
This work has demonstrated that, manipulation and impedance measurement of 
nano-scale particle. The experiment is conducted from low to high conductivity to 
producing positive DEP.
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5 CONCLUSION AND 
SUGGESTION FOR FUTURE 
RESEARCH
5.1 C onclu sion
In this work, a thorough feasibility analysis was carried out of DEP manipulation of 
molecules on a nano-scale. The overview was given of the relevant technologies 
required for the integration of the fluid sample analysis for molecular detection onto 
a single chip. DEP trapping techniques is one of the common methods in DNA 
manipulation (Loucaides, Ramos, & Georghiou, 2011; Washizu & Kurosawa, 
1990). These results should prove useful in designing of biodevices employing this 
phenomenon either for separation or concentration of DNA. This study presented a 
method for measuring the efficiency of DEP for trapping DNA molecules through 
the effects o f conductivity and frequency o f the applied electric field.
Moreover, organic and inorganic nanomaterials have been successfully manipulated 
and studied using impedance spectroscopy by dielectrophoresis, where 
nanomaterials were trapped in the bridge (electrode gap) by positive DEP creating 
electrical connections between them and the external measuring circuit. This
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allowed analysis in a fast and low-cost fabrication. It also demonstrated that DEP 
technique enables self-formation of interfaces between various nanomaterials which 
can be applicable to gene therapy and DNA analysis.
5.1.1 DEP o f Nano-M olecules M anipulations
The DEP of DNA was investigated to discover how it might be manipulated on a 
gold electrode and the conduction of properties of DNA were studied by this 
method. Poly AT experienced a stronger repelling force due to their electrical 
properties, as predicted from a model. The electric transport have the ability to 
allow DNA moving when energy is applied (Genereux & Barton, 2009).
However, the use of DEP trapping o f long DNA molecules still remains a challenge. 
This thesis demonstrated the feasibility of DNA manipulation. Trapping o f DEP 
DNA (lambda phage, poly AT and poly GC) was using one dimensional periodic 
geometry electrode. The design of geometry causes different-sized of electrode gap 
or charged biomolecules. As a result, DEP trapping of DNA molecules was 
achieved, demonstrating the potential use of this device as a generic 
bionanotechnology structure for an integrated biomolecules sample preparation and 
analysis system.
5.1.2 DEP Im pedance Spectroscopy o f Organic and Inorganic M aterials
The manipulation and assembly o f metallic and semiconducting nanoparticles at 
micro-tip electrode was presented. The selective conductive o f the nanowires to the 
bridge of electrode surface is a function of their dielectric properties. The dielectric 
parameters of the nanomaterials were obtained by fitting the data using a MATLAB 
programming. The populations of data clearly indicate the characteristic of material
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properties. It was found that the assembled nanomaterials are subject to the voltage, 
frequency and medium. Therefore, DEP was very efficient technique to fabricate the 
biodevice. This method will be useful for potential application such as sensor 
devices and CMOS operating circuitry.
Experiments using nanoparticle o f SWNT, ZnO and SnO] showed that particle 
impedance can be measured by a DEP model. The characterizations of nanoparticles 
attributed to the rapid collection o f the electrode surface in non-aqueous o f medium 
conductivity.
Moreover, another approach in describing the adsorption process of BSA on gold 
electrode is to examine the relationship between the protein surfaces obtained from 
the double layer capacitance values. The results show that positive DEP can be 
produced using AC potentials. Finally, from this work, the impedance spectroscopy 
allows complete and rapid data acquisition, while the equilibrium-based sorter 
yields sorted populations.
5.1.3 The advantages o f DEP m anipulation o f molecules
Dielectrophoresis has been fi-equently applied in various lab-on-chip devices, they 
can be worked as size-based sorting of molecules, scanning force microscopy, its 
variations and optical tweezers. A promising approach towards control of molecules 
is the application of electric fields through microelectrodes. When exploited, 
parameter such as the molecule’s polarisability; the electrode geometry and the 
electric field gradient and frequency are importance. The molecules also can be used 
to investigate the physical biochemical properties o f nanomaterials.
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5.1.4 Problems Encountered on Research Study
Each dye is specific for one type of molecules; DNA, RNA or protein. These dyes 
have extremely low fluorescence until they bind to their targets. The series of Poly 
AT and Poly GC experiments have experienced most challenging. It was difficult to 
get specific dye since the trial has been made to find the right dyes. Therefore, in 
this study the delay is about 3 months to match the poly AT and poly GC DNA 
dyes.
Microelectrodes (gold and chromium) have been damaged after several DNA 
experiments done as shown in Figure 5-1. An initial experiment was tested for 
conductivity o f KCl from 1 to 10 S/m. Most of the electrodes were damaged due to 
the reduction of water which had catastrophic consequences for the electrodes. As 
previously discussed in Chapter 4, such high salt concentration resulted in double 
layer effects on very low frequencies and destruction of the electrodes (Hoffman & 
Zhu, 2008). More than that, the maximum voltage reached was 12 Vp.p that resulted 
systematically in destroying the microelectrodes.
Figure 5-1: 1 he Au/Cr quadrupole electrode damaged after run the experiments
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5.2 Suggestions for Future Research
Organic or inorganic nanoparticle such as BSA, DNA, SWNTs, Tin (IV) Oxide 
Nanopowder and Zinc Oxide Nanopowder research has been popular and this 
remains the great challenge. More study and research is needed to investigate their 
characterization.
5.2.1 DNA and BSA separation
Future work could characterize and electrical properties o f DNA and BSA using 
DEP manipulation under conditions of Continuous-Flow Particle Separation by 3D 
electrodes, which can be simplified for the dominant electrokinetic phenomena. 
Incorporation o f separation schemes such as dielectrophoretic migration and 
dielectrophoresis gravitational field-flow fraction.
5.2.2 Graphene DEP in Non-Aqueous Solvent
Nanostructures such as carbon nanotubes, nanobelts and quantum dots have been 
demonstrated to act as sensors for various biological or physical phenomena. 
Graphene for example, offers considerable promise in the use of nanoscale devices 
for sensing. An integrated system using nanosensors may provide advantages over 
the conventional sensor system, since a chemical nanosensor has a better response 
time.
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1  APPENDIX
7.1 MATLAB Programming
7.1.1 T he m odel o f Poly A T poly G C  DNA frequency  crossover
Program 1
%AT data model
E0=8.8540-12;
Ks=0.0150-9; 
zeeta=-0.055; 
ep=60*E0;
0m=78*EO;
rad=(500-9)/2; % dna diameter
fudge=6;
Er=78; 
j=sqrt(-1); 
k=1.38e-23;
T=300;
0-1.6e-19;
NA = 6e23;
R=8.3144;
F = 9.648e4; %Faraday
z =1;
T =300;
D = 1.940-9; ^diffusion constant m2/s 
NA = 6e23; 
n00ta=8e-4; 
q =1.6e-19;
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%c=le3*Cmed/14 ; %concentration (moles/m^ 'S )
N = (c*z*z*NA);
m=((R*T/F)^2)*(2*Er*E0/(3*neeta*D ));
Kapa= 1./(sqrt((EO*Er*k*T)./(2*N*q*q*z*z)));
KDiffl = (c*4*F*F*z*z*D./(R*T*Kapa)).*(1+(3*m/(z*z)) 
KDiff2 = cosh((z*q*zeeta)./(2*k*T))-1;
KDiff = KDiffl*KDiff2;
KStern = Ks;
Sigp=(2*KDiff/rad)+ (2*KStern/rad);
Sigm=Cmed; Imedium conductivity
f = logspace(3,9,1000); % frequency
w = 2*pi*f;
ecp=(ep-j*Sigp ./w);
ecm=(em-j*Sigm ./w);
fudge=fudge; 
tau=fudge*EO*Er*rad/Ks; 
tau=EO*Er*rad/(Ks+KDiff);
dispersion^(1./(1+j *tau.*w));
Li=3.05e-3; 
a=le-9; 
b=10e-9; 
c=20e-3;
G=10;
cmf=dispersion+(ecp-ecm)./(ecm+Li*(ecp-ecm)); 
cmf=(ecp-ecm)./(ecm+Li*(ecp-ecm));
reC=real(cmf); 
imC=imag(cmf);
tauBETA=(ep+em)/(Sigp+2*Sigm);
% SECTION THREE : : IDENTIFY CROSSOVER
marker=0; 
for i=l:1000 
if reC(i)>0 
marker=i; 
end 
end
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if marker<1000
if marker>0
xlower=f(marker) ;
vlower=reC(marker);
xupper=f(marker+1);
vupper=reC(marker+1);
ratio = vupper/(vlower-vupper);
xover=xlower+ratio*(xupper-xlower);
else xover=.001;
end
else xover=NaN; 
end
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Program 2
%GC data model
E0=8.854e-12;
Ks=0.6e-9; 
zeeta=-0.037 ; 
ep=30*E0; 
em=78*E0;
rad=(50e-9)/2; %dna diameter
fudge=6;
Er=78; 
j=sqrt(-1); 
k=l.38e-23;
T=300; 
e=l.6e-19;
NA = 6e23;
R=8.3144;
F = 9.648e4; %Faraday 
z =1;
T =300;
D = 1.94e-9; %diffusion constant m2/s 
NA = 6e23; 
neeta=8e-4; 
q =1.6e-19;
%c=le3*Cmed/14; %concentration (moles/m'^ 3)
N = (c*z*z*NA);
m=((R*T/F)^2)*(2*Er*E0/(3*neeta*D));
Kapa= 1./(sqrt((EO*Er*k*T)./(2*N*q*q*z*z)));
KDiffl = (c*4*F*F*z*z*D./(R*T*Kapa)).*(1+(3*m/(z*z)) 
KDiff2 = cosh((z*q*zeeta)./(2*k*T))-1;
KDiff = KDiffl*KDiff2;
KStern = Ks;
Sigp=(2*KDiff/rad) + (2*KStern/rad) ;
Sigm=Cmed; %medium conductivity
f = logspace(3,9,1000); % frequency
w = 2*pi*f;
ecp=(ep-j*Sigp ./w);
ecm=(em-j*Sigm ./w);
fudge=fudge;
tau=fudge*EO*Er*rad/Ks;
%tau=EO*Er*rad/(Ks+KDiff);
dispersion=(1./(l+j*tau.*w));
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Li=3.05e-3;
a=le-9;
b=10e-9;
c=20e-3;
G=10;
cmf=dispersion+(ecp-ecm)./(ecm+Li*(ecp-ecm)); 
cmf=(ecp-ecm)./(ecm+Li*(ecp-ecm));
reC=real(cmf); 
imC=imag(cmf);
tauBETA=(ep+em)/(Sigp+2*Sigm);
% SECTION THREE : : IDENTIFY CROSSOVER
marker=0; 
for i=l:1000 
if reC(i)>0 
marker=i; 
end 
end
if marker<1000
if marker>0
xlower=f(marker) ;
vlower=reC(marker) ;
xupper=f(marker+1);
vupper=reC(marker+1);
ratio = vupper/(vlower-vupper);
xover=xlower+ratio*(xupper-xlower);
else xover=,001;
end
else xover=NaN; 
end
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% AT & GC Crossover frequencies of DATA 
% Crossl
medA=[1 1.3 1.6 2 2.5 3.2 4 5 6.3 8];
medrun=[medA.*le-5 medA.*le-4 medA.*le-3 medA.*le-2 medA.*le-l];
xl=[0.00001,0.00005,0.0001,0.00024,0.0005,0.00075,0.001,0.0025,0.00
5,0.0075,0.01,0.025];
yl=[0.35,0.40,0.45,0.55,0.65,0.75,0.82,1.01,1.10,1.12,1.12,0.92]*10 
e6; % AT Data entry
x2 =
[0.00001,0.00005,0.0001,0.00024,0.0005,0.00075,0.001,0.0025,0.005,0 
.0075,0.01,0.025]; 
y2 =
[0.68,0.70,0.72,0.74,0.76,0.78,0.80,0.82,0.85,0.85,0.82,0.58]*10e6; 
% GC Data entry
for cww=l:40
Cmed=medrun(cww);
fullmodel;
xve(cww)=xover;
end;
for cww=l:40 
Cmed=medrun(cww); 
fullmodel2; 
xve2(cww)=xover; 
end;
loglog(medrun,xve,'r-',medrun,xve2,'b-',xl,yl,'r*',x2,y2,'bo')
ylabel('Crossover Frequency (Hz)')
xlabel('Medium Conductivity (S/m) ' )
legend('AT Theory','GC Theory','AT Exp','GC Exp')
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7.2 Impedance Analyser
7.2.1 Calibration Schematic
a)
Z ss
OPEN zero mode
0}
Zx
Rss
Zx= Ym-Ypp
LSS
a
■Zssâ"
Q.
l U
T
T est cab le  m od el
Ym
SHORT zero model
NORMAL MEASLTŒMENT MODE
Ym = Virtual admittance 
Zx =  Measured impedance 
Zss = Residual impedance 
Rss = Residual resistance 
Lss = Residual inductance 
Ypp = Stray admittance 
Gfp *= Stray conductance 
Cpp = Stray capacitance
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7.3 D E P  Im p ed an ce  S p ectroscop y  on In organ ic  P artic les u sing  
N on  A q u eou s M ed ium  C on d u ctiv ity
7.3.1 M ATLAB coding for variable medium conductivity properties 
(DMF on SW NT)
%DATA FIT
xl= [100, 160,250,4 00, 630, 1000,1600,2500,4000, 6300,10000, 16000, 25000,
4 0000, 63000, 100000, 160000,250000, 400000, 630000] ;
yl=[1. 9097, 1. 9330, 1.9091, 1.8794, 1.8892, 1.8587, 1.8107, 1.7516, 1.5110,
1.1130.0.7120, 0.4820,0.4420, 0.4380, 0.4310, 0.4240,0.3530, 0.3082, 0.23
52.0.0523];
semilogx(xl,yl,'o'); 
hold on
eO = 8.85e-12; %v- epsilon
sm = 0.025; %v- sigma material
em = 37.0*e0; %v- epsilon material
f = logspace(2,6,1000); 
w = 2*pi*f; 
j = sqrt (-1);
sizel=0.4681; %blue
size2=0.0011; %green
sizeT=l; ITotal contribution
%DEP particle 1 <BLUE>
sp = 0.01953; %v-sigma particle (Conductivity-Siemen)
ep = 55*eO; %v-epsilon particle
epc = (ep-j*sp./w); %complex conductivity Sm-1
emc = (em-j*sm./w);
cm - (epc-emc)./(epc+2.*emc);
outputl = real(cm);
for i=l:1000 
if outputl(i)<0 
outputl(i)=0;
end
end
yl = sizel.*outputl;
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%semilogx(f,yl,'b');
%DEP particle 2 <GREEN> 
sp = 0.000921; 
ep = 65*e0;
A=0.1; % can be between 0 and 1
epc = (ep-j*sp./w);
emc - (em-j*sm./w);
cm = (epc-emc)./(A*(epc-emc)+emc);
output2 = real(cm);
for i=l:1000 
if output2(i)<0 
output2(i)=0;
end
end
y2 = size2.*output2; 
%semilogx(f,y2,'g') ; 
hold on
semilogx(f,sizeT.*(l*yl+170*y2),'k'); 
hold off
title('Purified SWNT with N,N-Dimethylformamide '); 
xlabel('Frequency (Hz)'); 
ylabel ('1/t (s'^ -^ l) ' ) ;
7.3.2 M ATLAB coding for variable medium conductivity properties 
(BM IM -O Tf on SW NT)
%DATA FIT
xl=[100,160,250,400,630,1000,1600,2500,4000,6300,10000,16000,25000,
4 0000,63000,100000,160000,250000,400000,630000];
yl=[4.07450,3.97331,3.96241,3.87133,3.83901,3.84623,3.72723,3.37992 
,2.38256,1.78534,1.28323,0.7822 6,0.7 612 6,0.7 0154,0.71348,0.75345,0.
7 042 6,0.55731,0.31556,0.0392 6];
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semilogx(xl,yl,'o'); 
hold on
eO = 8.85e-12; %v- epsilon
sm = 0.000121; %v- sigma material
em = 30.49*e0; % v- epsilon material
f = logspace(2,7,1000); 
w = 2*pi*f; 
j = sqrt (-1);
sizel=0.7321; %blue
size2=0.00111; %green
sizeT=l; %Total contribution
%DEP particle 1 <BLUE>
sp = 0.1870; %v-sigma particle (Conductivity-Siemen]
ep = 70*e0; %v-epsilon particle
epc - (ep-j*sp./w); %complex conductivity Sm-1 
emc = (em-j*sm./w);
cm = (epc-emc)./(epc+2.*emc); %(epc+2.*emc) 
outputl = real(cm);
for i=l:1000 
if outputl(i)<0 
outputl(i)=0;
end
end
yl = sizel.*outputl;
%semilogx(f,yl, 'b' ) ;
%DEP particle 2 <GREEN> 
sp - 0.007271; % 
ep = 45*e0;
A=0.1; % can be between 0 and 1
epc = (ep-j*sp./w);
emc = (em-j*sm./w);
cm - (epc-emc)./(A*(epc-emc)feme);
output2 = real(cm);
for i=l:1000 
if output2(i)<0 
output2(i)=0;
end
end
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y2 = size2.*output2; 
Isemilogx(f,y2,'g'); 
hold on
semilogx(f,sizeT.*(I*yl + 340*y2) , 'k' 
hold off
title('SWNT with BMIM-OTf '); 
xlabel('Frequency (Hz)'); 
ylabel ('1/t (s^ -'^ l)');
7.4 D E P  Im pedan ce S p ectroscop y  on O rganic P articles o f  Protein
7.4.1 Figures of the plot o f BSA impedance at 3.2 mS/m to 281 mS/m  
conductivities
B S A  Im pedance at 3 .2  m S /m  ConductiMty
0.6
0 .4
0.2
Frequency (Hz)
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BSA Impedance at 5 .6  m S/m  Conductivity
1.8
1.6
1.2
0.8
0.6
0.4
0.2
Frequency (Hz)
B S A  im p ed an ce  at 1 0 .0  m S /m  Conductivity
0.8
0.6
0 .4
0.2
F requency  (Hz)
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B SA  Im pedance at 2 0 .0  m S /m  Conductivity
1.8
1.6
0.8
0.6
0.4
0.2
Frequency (Hz)
B S A  Im p ed a n ce  at 3 1 .0  m S /m  C onductivity
1.6
0.8
0.6
0 .4
0.2
F req u en cy  (Hz)
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B SA  Im pedance at 6 3 .0  m S /m  Conductivity
0.6
0.4
0.2
Frequency (Hz)
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B SA  Im pedance at 125 .0  m S /m  Conductivity
2 .5
0 .5
Frequency (Hz)
BSA Im pedance at 175.0  m S/m  Conductivity
0.6
0.4
0.2
Frequency (Hz)
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BSA Impedance at 221.0  m S/m  Conductivity
1.8
1.6
0.8
0.6  -
0.4
0.2
Frequency (Hz)
BSA  Im pedance at 2 8 1 .0  m S/m  Conductivity
1.6
0.8
0.6  -
0.4
0.2
Frequency (Hz)
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7.4.2 M A TLA B  codes
%DATA FIT
xl=[100000,160000,250000,400000,630000,1000000,1600000,2500000,4000 
000,6300000,10000000,16000000];
yl=[1.93058, 1.84333,1.66465,1.48936,1.31246,0.98175,0.87452, 0.85397 
, 0.73931, 0.51228, 0.23832,0.05387]; 
semilogx(xl,yl,'o'); 
hold on
eO = 8.85e-12; %v- epsilon
sm = 0.0000251; %v- sigma material
em = 67.0*e0; %v- epsilon material
f = logspace(5,8,1000); % 
w = 2*pi*f; 
j - sqrt (-1);
sizel=0.8961; %blue
size2=0.0011; %green
%size3=0.0001; %red
sizeT=l; %Total contribution
%DEP particle 1 <BLUE> Polulation
sp = 0.0813; %v-sigma particle (Conductivity-Siemen)
ep = 5.6*eO; %v-epsilon particle
epc = (ep-j*sp./w); %complex conductivity Sm-1
emc = (em-j*sm./w);
cm = (epc-emc)./(epc+2.*emc);
outputl = real(cm);
for i=l:1000 
if outputl(i)<0 
outputl(i)=0;
end
end
yl = sizel.*outputl;
%semilogx(f,yl,'b');
%DEP particle 2 <GREEN>Population 
sp = 0.0160; ?, 
ep = 2. 6*eO;
A=0.1; % can be between 0 and 1
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epc = (ep-j*sp./w);
emc = (em-j*sm./w);
cm = (epc-emc)./(A*(epc-emc)+emc);
output2 = real(cm);
for 1=1:1000 
if output2(i)<0 
output2(i)=0;
end
end
y2 = size2.*output2; 
%semilogx(f,y2,'g'); 
hold on
semilogx(f,sizeT.*(l*yl+100*y2),'k'); 
hold off
title('BSA Impedance at 3.2 mS/m Conductivity '); 
xlabel('Frequency (Hz)'); 
ylabel('1/t (s^-^1)');
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